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Abstract   I 
Abstract 
 This thesis concerns the investigation of the integration of the microgrid, a form of future 
electric grids, with renewable energy sources, and electric vehicles. It presents an innovative 
modular tri-level hierarchical management and control design framework for the future grid as 
a radical departure from the ‘centralised’ paradigm in conventional systems, by capturing and 
exploiting the unique characteristics of a host of new actors in the energy arena - renewable 
energy sources, storage systems and electric vehicles. The formulation of the tri-level 
hierarchical management and control design framework involves a new perspective on the 
problem description of the power management of EVs within a microgrid, with the 
consideration of, among others, the bi-directional energy flow between storage and renewable 
sources. The chronological structure of the tri-level hierarchical management operation 
facilitates a modular power management and control framework from three levels: Microgrid 
Operator (MGO), Charging Station Operator (CSO), and Electric Vehicle Operator (EVO). At 
the top level is the MGO that handles long-term decisions of balancing the power flow between 
the Distributed Generators (DGs) and the electrical demand for a restructure realistic microgrid 
model. Optimal scheduling operation of the DGs and EVs is used within the MGO to minimise 
the total combined operating and emission costs of a hybrid microgrid including the unit 
commitment strategy. The results have convincingly revealed that discharging EVs could 
reduce the total cost of the microgrid operation. 
At the middle level is the CSO that manages medium-term decisions of centralising the 
operation of aggregated EVs connected to the bus-bar of the microgrid. An energy management 
concept of charging or discharging the power of EVs in different situations includes the impacts 
of frequency and voltage deviation on the system, which is developed upon the MGO model 
above. Comprehensive case studies show that the EVs can act as a regulator of the microgrid, 
and can control their participating role by discharging active or reactive power in mitigating 
frequency and/or voltage deviations.  
Finally, at the low level is the EVO that handles the short-term decisions of decentralising the 
functioning of an EV and essential power interfacing circuitry, as well as the generation of low-
level switching functions. EVO level is a novel Power and Energy Management System 
(PEMS), which is further structured into three modular, hierarchical processes: Energy 
Management Shell (EMS), Power Management Shell (PMS), and Power Electronic Shell 
(PES). The shells operate chronologically with a different object and a different period term. 
Controlling the power electronics interfacing circuitry is an essential part of the integration of 
EVs into the microgrid within the EMS. A modified, multi-level, H-bridge cascade inverter 
without the use of a main (bulky) inductor is proposed to achieve good performance, high 
power density, and high efficiency. The proposed inverter can operate with multiple energy 
resources connected in series to create a synergized energy system. In addition, the integration 
of EVs into a simulated microgrid environment via a modified multi-level architecture with a 
novel method of Space Vector Modulation (SVM) by the PES is implemented and validated 
experimentally. The results from the SVM implementation demonstrate a viable alternative 
switching scheme for high-performance inverters in EV applications.  
The comprehensive simulation results from the MGO and CSO models, together with the 
experimental results at the EVO level, not only validate the distinctive functionality of each 
layer within a novel synergy to harness multiple energy resources, but also serve to provide 
compelling evidence for the potential of the proposed energy management and control 
framework in the design of future electric grids. The design framework provides an essential 
design to for grid modernisation
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𝐶𝐹(𝑃𝑖)  Operating cost of the generating unit 𝑖 in $/h 
𝐶𝑖  Fuel costs of the generating unit 𝑖 in $/𝑙 for DE and $/𝑘𝑊ℎ for FC and 
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𝐶𝑘  Treatment cost of the 𝐾
𝑡ℎ type of pollutants emission in $/kg 
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𝐶𝑟𝑎𝑡𝑒,𝑝𝑐ℎ/𝑞𝑐ℎ General active power and reactive power price of charging electricity 
respectively, for example charging rate is 0.08$/kWh. 
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respectively, for example, discharging rate is 1.2$/kWh. 
D Duty cycle 
𝐷  Binary number of the owner choice for either bi-directional power or 
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𝐷 Daily electricity demand 
𝐸𝑏(𝑡)  State of charge of the battery at the current state. 
𝐸𝑏(𝑡 − 1)  State of charge of the battery at the previous state. 
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𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
 Battery capacity of the jth electric vehicle 
𝐸𝑛 Energy produced by a generator 𝑛 
𝐸𝑝𝑣 Photovoltaic energy produced 
𝐹  Difference in charging and discharging rate for example charging rate 1 
$/kWh from 00-8 am, 1.2 $/kWh from 8-16, and 1.1 $/kWh from15-00. 
𝐹𝑖  Fuel consumption rate of a generating unit 𝑖 
𝐹(𝑃𝑖)  Operating cost of the generating unit 𝑖 in $/h 
𝐾 Scale factor to normalise vector ∆𝑄 
𝐺  Solar irradiation in (W/m3). 
𝐺𝑑 Average daily solar radiation value. 
𝐼  Model current (Ampere). 
𝐼0  Saturation current of the diode 
IL Dc load current   
𝐼𝐿  Light generated current. 
𝐼𝑜𝑟  Cell saturation current at 𝑇𝑟 
𝐼𝑜𝑠  Cell reverse saturation current. 
𝐼𝑆𝐶𝑅  Short circuit current at 25
oC and 1000W/m2 
𝐽 Jacobian matrix 
𝐽𝑅 Reducible Jacobian matrix 
𝐾0  Current at temperature coefficient (𝐴/𝐾) 
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𝐾𝐼  Short circuit current temperature coefficient at 𝐼𝑆𝐶𝑅𝐾𝐼 = 0.0035𝐴/
𝑜𝐶 
𝐾𝑓.𝑐ℎ/𝑑𝑖𝑠 Charging or discharging factor from log function of SoC 
𝐾𝑜𝑚  Proportional maintenance constant of unit 𝑖 
𝑀  logical number i for grid connected and 0 for grid disconnected 
𝑁  Total number of the DG in the microgrid 
𝑂𝑀𝑖  Operating and maintenance cost of a generating unit 𝑖 in $/h 
𝑃𝐺2𝑉  Net power capacity available to recharge EVs in G2V mode. 
P0 Set point of active power 
𝑃𝐽  Electric power introduces at interval 𝐽 
𝑃𝑉2𝐺   Aggregated power flow from EVs to grid in V2G mode 
𝑃𝑉2𝐺,𝑚𝑎𝑥  Maximum allowed power at 𝑖𝑡ℎ EVs sources can be discharged. 
𝑃𝑐ℎ\𝑑𝑖𝑠,𝑖𝑗 Power of charging or discharging in a time i for electric vehicle j which is 
Control variable of the objective function 
𝑃𝑐𝑠,𝑑𝑖𝑠  Power of discharging charging station 
𝑃𝑑  Power demand from non-electric vehicle load 
𝑃𝑑𝑔,𝑖  Diesel generator (i) output power (kW) 
𝑃𝑔𝑟𝑖𝑑  Output power of the grid 
𝑃𝑖  Decision variables that are representing the real power output from 
generating unit 𝑖 in kW. 
𝑃𝑖  Output power of an ith distributed generator  
𝑃𝑗,𝑏
𝑎  Active power required from MGO 
𝑃𝑗,𝑏
𝑟  Battery rated charging power used to charge jth electric vehicle during the 
interval t 
𝑃𝑗,𝑠𝑐
𝑟  Supercapacitor rated charging power used to charge jth electric vehicle 
during the interval t 
𝑃𝑚𝑖𝑛, 𝑃𝑚𝑎𝑥 Minimum power and maximum power for charging station that provides 
from MGO in charging mode or by the state of the electric vehicle in the 
discharging mode. 
𝑃𝑛 Daily resource energy 
𝑃𝑛𝑒𝑡 = 𝑃𝑠 − 𝑃𝑑  Net power capacity available 
Pr Real power 
𝑃𝑠  Scheduled power 
Q0 Set point of reactive power 
𝑄𝑗 Rated ampere hour rating (AHR) of the jth battery 
𝑄𝑗,𝑏
𝑎  Reactive power required from MGO 
Qr Reactive power 
𝑅𝑛 Rated power of the generators 
𝑅𝑠  Series resistance (ohm). 
𝑅𝑠ℎ  Shunt resistance (ohm). 
𝑆𝐶𝑖  Start-up cost of a generating unit 𝑖 in $/h 
𝑆𝑜𝐶𝐵
𝑎  Actual state of charge 
𝑆𝑜𝐶𝐵
𝑑  Desired state of charge by the customer 
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𝑆𝑜𝐶𝑏\𝑠𝑐,𝑖𝑗
𝑑  State of charge of battery or supercapacitor at departure time  
𝑆𝑜𝐶𝑏\𝑠𝑐,𝑖𝑗 State of charge for either battery or supercapacitor in time I for electric 
vehicle j. 
𝑆𝑜𝐶𝑚𝑎𝑥 Upper limits of the state of charge. 
𝑆𝑜𝐶𝑚𝑖𝑛 Lower limits of the state of charge. 
𝑆𝑜𝐶𝑟𝑒𝑞 Required SoC limit 
𝑆𝑜𝐶𝑡  Current SoC of the jth electric vehicle battery 
𝑇  Temperature (oK) 
𝑇𝑜𝑓𝑓,𝑖  Time has been off of unit 𝑖 
𝑇𝑟  Reference temperature 𝑇𝑟 = 301.18
𝑜𝐾 
𝑉  Model voltage (Voltage).  
V0 Rated grid voltage 
𝑉𝐺2𝑉(𝑡)  Set of EVs charging at time t 
𝑉𝑉2𝐺(𝑡)  Set EVs discharging at t time t 
𝑉𝑡𝑗 Terminal voltage of the jth battery 
Vpp Peak to peak voltage ripple 
l Inductance per kilometre, Henry 
IR Current at receiving end, ampere 
IS  Current at sending end, ampere 
kd Shunt compensation 
N Number of generators 
P Measured active power 
PR critical Critical maximum power at receiving end, Watt 
Q Measured reactive power 
VR Voltage at receiving end, volt  
VR critical Critical voltage at receiving end, volt 
VS Voltage at sending end, volt  
Z0 Characteristic equation 
Zc Surge impedance loading 
b Susceptance, semens 
cf Capacity Factor  
csh Shunt capacitance, Farad 
𝑑𝑉
𝑑𝐼𝑉𝑜𝑐
 
A slope at 𝑉𝑜𝑐 and 𝑋𝑉 
f0 Rated frequency 
fs Effective switching frequency 
𝑖  Total number of distributed generator 
𝑘  Boltzmann constant 𝑘 = 1.38𝑒−23𝐽𝑜𝑢𝑙𝑒/𝑜𝐾𝑇 
𝑘  Type of pollutant emission (CO2, SO2, NOx) 
  Line length, meter 
m Slopes tracking for frequency drop 
𝑛 = 1.2 Quality factor of the diode 
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𝑝𝐺2𝑉,𝑚𝑎𝑥 Maximum allowed power at 𝑖𝑡ℎ EVs sources can be charged 
𝑞  Electron charge = 1.6𝑒−19 (coulombs). 
q Slopes tracking for voltage drop 
rho Rho: the density air  
𝑠  Binary number either 1 or 0,  𝑠1 refers to charging mode and 𝑠2 refers to 
discharging mode, where |𝑠1| + |𝑠2| = 1 
𝑢𝑎 Binary logic referring Unit commitment applied 
𝑢𝑛 Binary logic referring Unit commitment not applied 
t Set of time interval 𝑡 = [𝑡𝑎𝑟𝑟𝑖𝑣𝑎𝑙 , 𝑡𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒] 
𝑖𝑟 Receiving end current 
𝑡𝑎𝑟𝑟𝑖𝑣𝑎𝑙  Arrival time 
𝑡𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒  Departure time 
𝑡𝑖
𝑠 Charging duration 
𝑡𝑗,𝑏_𝑐ℎ
𝑠  Full charge time duration  
𝜈𝑐𝑐𝑜  Cut out speed  
𝜈𝑐𝑖 Cut on speed  
𝜈𝑐𝑜 Corner Speed  
𝑣𝑟  Receiving end voltage 
𝑣𝑠  Sending end voltage 
vr Receiving voltage 
 
Greek Symbols 
α Line-loss factor (attenuation factor), nepers per unit length 
𝛼 𝑎𝑛𝑑 𝛽  Weighting dynamic (delay) coefficient for the charging and discharging 
power 
𝛼𝑖 , 𝛽𝑖, 𝛾𝑖 Coefficients of distributed generator, typically there are given by the 
manufacturer  
β Phase-shift, radians per unit length 
γ Propagation constant 
Γ Lift eigenvector matrix of reduced Jacobian matrix 
𝛾𝑔𝑟𝑖𝑑,𝑘  Coefficient of pollutant emissions of the grid in kg/kW 
𝛾𝑖𝑘  Coefficient of pollutant emissions of the DG named I in kg/kW  
θint Initial angle of the system 
∆(𝑡)  Sampling time 
∆𝑃 Mismatch active power vector 
∆𝑄 Mismatch reactive power vector 
∆𝑉 Unknown voltage magnitude correction vector 
∆𝑡  Sampling period 
∆𝛿 Unknown angle correction vector 
δ Load angle  
δcritical Critical angular separation, degree 
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𝛿𝑐𝑠𝑜,𝑖 Binary logic referring charging station operator at discharging mode 
𝛿𝑑𝑔𝑖 Binary logic referring distributed generator operate  
𝛿𝑖  Cold start-up cost of unit 𝑖 
𝛿𝑢𝑔 Binary logic referring utility grid connected 
𝜀  Binary number either 1 or 0,  𝜀1 refers to active power charging mode and 
𝜀2 refers to reactive power charging mode, where |𝜀1| + |𝜀2| = 1 
𝜂𝑐ℎ Charger efficiency 
𝜂𝑑𝑖𝑠  Efficiency of the converter  
𝜂𝑙𝐽  Cell efficiency at interval J. 
𝜂𝑙𝐽  Unit efficiency at interval 𝐽 
θ Line angle, radian per unit length 
Λ Diagonal eigenvalue matrix of reduced Jacobian matrix 
Λ Wavelength for a line, kilometre 
𝜌  Priority factor where normally 𝜌 = 1 for optimization charging, if 𝜌 = 1.5 
charge vehicle at maximum current without care of price 
𝜎𝐺 Standard division 
𝜎𝑖  Hot startup cost 
𝜎𝑖  Hot start-up cost of unit 𝑖 
𝜏𝑖  Cooling time constant of unit 𝑖 
𝜏𝑖  Unit cooling time 
𝜗  Binary number either 1 or 0,  𝜗1 refers to active power discharging mode 
at frequency deviation and 𝜗2 refers to reactive power discharging mode 
at voltage deviation, where |𝜀1| + |𝜀2| = 1 
Φ Right eigenvector matrix of reduced Jacobian matrix 
ϕ Power factor angle 
ω = 2πf Angular frequency in rad/sec 
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1.1 Motivation 
1.1.1 Conventional power system 
The conventional power system (CPS) consists of three main sectors: generation unit, 
transmission line, and distribution network. The power is transferred in a single direction from 
the generation units to a load in the distribution network through the transmission lines. The 
generation units are large plants that depend mainly on fossil fuel combustion to generate 
electrical power. The  CPS is facing major challenges due to the continuous growth of 
electricity demand and lack of capital investment in power system sectors [1]. It is a fact that 
the existing power system in most countries is quite old. On the other hand, powerful trends in 
technology, policy environments, financing, and business models are driving the evaluating 
decisions made in power sectors globally, as shown in the pathways that have emerged as viable 
models for power system transformation presented in Figure 1-1 [2].  
The race for a complete electricity system was launched in the Pearl Street Station in New York 
City in 1882. It was connecting a 100-volt generator that burned coal to power a few hundred 
lamps in the neighbourhood. By the 1930s regulated electric utilities became well-established, 
crossing many miles of land, constructing from all three major aspects of electricity: power 
plants, transmission lines, and distribution, to feed electricity to the end users [3], [4]. On the 
other hand, due to integrating new mobile loads such as EVs, the demand for the electrical 
system has grown rapidly during recent years and is expected to increase by 34% by 2035 
compared with the electricity in 2014 [5]. However, the existing power system is not capable 
of covering the rapidly increasing demand using a centralised CPS operation [6]. Moreover, 
the CPS has recorded high power losses in the transmission line and distribution network for 
different countries of the world, as presented in the data of World Bank statistics and depicted 
in Figure 1-2 [7]. According to statistics measured from 1960-2013, annual electricity 
transmission and average distribution losses worldwide were about 8.36%, as shown in 
Figure 1-3. The maximum losses recorded in Haiti, for example, were as high as 54.20% due 
to deep crisis characterised by dramatic shortages and the lowest coverage of electricity which 
shows an important generation deficit limiting its economic development. However, this 
reflection must not to only add power but also validate its needs in this area by reduce 
commercial and technical losses before building new power plants [8].  On the other hand, 
climate change is a threat to our lives due to increasing the pollution levels which affect our 
environment, style of life, and the protection of the Earth from outside radiation, and has 
become a major concern for the diversity of the Earth. The main source of the climate change 
is carbon dioxide emissions [9]–[11]. Among all sources of carbon dioxide emissions in the 
world, the energy supply sector and the transportation sector account for about 25% and 14% 
respectively, as shown in Figure 1-4. Furthermore, most of the generation units that are used 
in a CPS base their work on fossil fuel energy, as illustrated in Figure 1-5. Thus, the impact of 
growing electricity demand and the issue of climate change has motivated  many countries to 
modernise their  existing power system infrastructure to be used in the more efficient way [12]–
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[14]. Growing electricity generation, based on the renewable energy technology, encourages 
the decentralisation of the CPS to many areas, which has a direct effect on power loss reduction 
due to installing the generation near the loads.  
 
Figure 1-1: Applicability of Pathways based on Present Status of Power Sector Organization [2] 
 
 
Figure 1-2: Electrical power transmission and distribution losses of various countries in percentage of 
output for 2013 [7] 
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Figure 1-3: Annual worldwide percentage losses[7] 
 
 
Figure 1-4: Global greenhouse gas emissions by Economic Sector [15] 
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Figure 1-5: World electricity production from all energy sources in 2014 [16] 
 
1.1.2 Conventional power system challenges  
Today, electric power is mostly generated centrally in bulk by large generation plants linked 
by long transmission lines that bring electric power to the end users via the utility grid; for 
instance the AC and DC high voltage transmission systems of the US, UK, and Iraq transfer 
power across 157810, 5340, and 10855 miles respectively [17]–[19]. Recently, the utility grid 
has faced the challenges of a significant increase in demand, threats of climate change, and the 
security of the power flow. On the other hand, there is increasing pressure for cost reductions 
on all fronts and maximisation of profits for shareholders and stakeholders.  
The centralized power system has been struggling with many issues which affect the efficiency 
of its functions. Some issues are regarding the growing political instability on the dependence 
on fossil fuel at the generation and transportation sections. Other issues are regarding the 
environment situation, such as increasing carbon dioxide and particulates emissions. These 
issues have led to the use of renewable energy in generation units and electrifying the 
transportation sector to reduce energy dependency on fossil fuels and achieve decarbonizing 
objectives.  Electrification equipment causes rapid growth in the electrical demand, whereas 
the infrastructure of the power system that is used today is too old. The nature of the application 
changes from a single directional power flow to a bidirectional power flow that could connect 
to the distribution network at any time of a day, with a different number of loads and at various 
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capacities. At the same time, ensuring the security of supply, working at a high quality, and 
keeping the power system stable are vital matters in the electric power system operation. 
However, renewable energy sources are unpredictable and inconsistent due to the intermittency 
of usage of energy supply [20]–[25]. The power generation from renewable energy sources is 
much lower than from fossil fuel sources. The current capital cost of constructing renewable 
energy sources is far greater than the fossil fuel energy sources for the same capacity. Also, 
renewable energy relies on the weather. Thus, renewable sources construction concentrates on 
some geographic areas more than others. For example, the wind turbine requires wind to turn 
the blade; as the speed of the wind on the offshore is higher than onshore, it is normally 
accepted to install wind turbines in the coastal area. Photovoltaic cells require clear skies and 
sunshine to generate electricity; therefore, installing them in high strength sunshine areas has 
a higher efficiency than in a cloudy area. Currently, it is not possible to totally replace the 
centralised fossil fuel generation units with decentralised renewable generation units to meet 
total demand of the electricity network, as shown in Figure 1-6.  Therefore, the best solution to 
operate the existing power system is by integrating small-scale renewable resources and 
distributing generators in distribution areas to work in a synergetic way with the current 
generation units. This solution could provide power near the load without required transmitting 
it for long distances using a transmission system. Therefore, the losses on the power system 
will be reduced significantly, and there would be no need to increase the fossil fuel driven 
generation unit.  Higher utilisation of renewable energy sources can be integrated into the 
distribution network and could result in the use of  fewer fossil fuel generation units, resulting 
in meeting the decarbonizing environment objectives.   
Generating power by using renewable sources in the distribution network and electrifying the 
transportation sector makes each node in the distribution network capable of absorbing power 
or generating power in a different situation. Therefore, the power in the distribution network 
could flow into the node at a time and from the node at another. That means it is hard to 
anticipate the direction of power within the node because it becomes bidirectional, rather than 
single directional. At the same time, it is essential to maintain the frequency and voltage 
characteristics at predefined levels in order to achieve good levels of power system quality. To 
keep changing the direction of power could affect the waveform characteristics of the power 
system over or under the limit, leading to a loss in sections, or even all, of the system. Such a 
system requires precise management, control, and monitoring for each piece of equipment to 
reach a satisfactory range of operation. Faced with these challenges, the most efficient strategy 
to deal with these uncertainties has automated the system to maintain the robustness of 
operation and make it works as a smart grid [13], [26]–[30]. Utility operators have begun to 
adopt the concept of the smart grid since its first official definition in 2007 [31]. The smart grid 
is an electrical system that aims to distribute electric power from the producers to the 
consumers efficiently [12]. As producers and consumers are dominant, sophisticated players in 
terms of their behaviour in the supply/demand dynamics, the smart grid is a very complex 
system that deploys different communication protocols to deal with the nonlinearity of 
user/supplier, hardware, security and bidirectional power flow [32]. Despite recent advances 
in the modern technology of communication protocols and monitoring devices, supervision of 
a large complex system still remains very difficult [12], [13], [33]–[36]. 
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The smart grid will enhance the complex monitoring of the system and connection with other 
components. It increases the interdependency on the power management of demand. A smart 
grid power infrastructure can be separated into many areas; each area operates either as 
connected or islanded modes  [28], [37]. Its purpose is to reduce the physical and electrical 
distance between generation units and loads by adding small scale distributed generators, 
mainly depending on the renewable energy near the electricity demand area. Each island 
(microgrid) could work alone and cover all the user load requirements within the area, 
depending mainly on renewable energy sources and distributed generators. Each island area 
could be connected to the utility grid, in case the generation exceeds the demand, by a point of 
common coupling where the point of common coupling works as a switch based on the power 
electronic devices to separate a network into island mode [38], [39].  
 
Figure 1-6 Estimated Renewable Energy Share of Global Final Energy Consumption, 2014 [1] 
1.1.3 Microgrid  
Microgrids are small areas of the smart grid paradigm to provide the flexible and controllable 
operation of low voltage networks, which then changes the distribution network operation 
philosophy from passive (single direction power flow) to active ( bidirectional power flow). 
The scale of a microgrid depends on the type of load and network construction. Therefore, the 
microgrid could be a building or several of buildings. A microgrid is designed to work as a 
cluster of loads, which are connected to micro sources that deliver power to its local area. To 
achieve resilient operation, a microgrid should operate as an automated single controllable 
system to recover quickly in disturbance situation such as demand congestion, load variation, 
or supply outage which then increases the reliability of the system and reduces the losses and 
cost of the transmission lines. A distribution network in the microgrid would be changed from 
passive to active, which is being a real-time infrastructure and dynamically interactive. The 
system will work in the bidirectional mode rather than the single directional mode used in the 
traditional operation of the power system. A power congestion may occur in the distribution 
network. It needs to be handled and controlled accurately by adding an intelligent controller 
and communication link between the generation units and loads to automate the network 
operation [40]–[43]. Microgrid operation depends mainly on the power management between 
load and supply, which could be a sensitive load and sensitive supply.  
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Voltage and frequency should be limited to the standard system operational settings, depending 
on the type of operation, in addition to the elimination of harmonics from power electronics 
devices [26], [44], [45]. However, a system with many small renewable energy sources and 
variable demand is inherently a weak system, especially considering the effect of the renewable 
energy sources’ intermittency. Electrical power system security is the most important factor to 
ensure that the system is flexible enough to recover the supply and demand conditions in 
emerging electricity markets. Voltage instability may happen, which leads to fluctuation or 
change in the voltage profile at load buses due to either a leak in the reactive power flowing 
through a line or large circulating reactive power between sources, which causes failure in the 
system. Therefore, an intelligent controller, to achieve fast response tracking, is required for 
the resilient operation of a microgrid structure [46]. 
Micro-sources of the microgrid could play a vital role in the power system in many directions; 
the distributed generators are regarded as a solution for system security, reliability, stability, 
and efficiency. Voltage avalanche could occur in a heavily loaded system without balancing 
between the generation and demand of power. Distributed generators could help in increasing 
the voltage stability of a system, to prevent causing system blackout, by finding the best 
location for them. However, distributed generators make no sense without using an energy 
storage system to cope with the energy balances [47], [48]. However, a combined usage of the 
different types of distributed generations at various capacities and nature of working in a 
synergetic arrangement, permit the key attributes of the individual systems to be exploited. The 
distributed generators require power and energy management to obtain high usage efficiency 
and to balance the electricity demand in an optimum way.   
In general, the smart grid paradigm is best facilitated within a microgrid, which is a relatively 
small scale localised energy network with the ability to connect to or be isolated from the main 
grid. The microgrid introduces the distribution network as an intelligent network for self-
healing consumers’ demand using microsources in a reliable and economical way. A microgrid 
has the following characteristics [26], [30], [49], [50]: 
 Manages sources and demand locally. 
 A high-reliability network by lowering the disturbance on the network due to less 
dependencey on the transmission system and high dependency on the distributed 
generators. 
 Reduction in carbon dioxide emissions by embracing renewable energies rather than 
fossil fuel sources. 
 Economic operation by reducing transmission losses. 
 Reduces the expenditure of the whole system by offering economic dispatch and 
optimal scheduling of demand and microsources. 
 Provides a quick interaction response between loads and sources by providing 
intelligent controller and communication links. 
However, microgrids, which are very complex networks, can be highly vulnerable to voltage 
and frequency variations due to any fault or sudden load changes. A high penetration of 
intermittent renewable sources in the distribution network will deteriorate the immunity of 
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network stability during various network contingencies [51], [52]. There are also stability 
issues arising from using microsources with low inertia. Integration of a new bidirectional load, 
such as EVs, provides further opportunities and challenges.  
 
1.1.4 Microgrid challenges  
A microgrid is a small network with a variety of small capacity distributed generators. Some 
of them depend on intermittency resources, such as the photovoltaic cell, wind turbine, and 
energy storage system, and others depend on fuel resources such as a microturbine, fuel cell, 
and internal combustion reciprocating engine. Due to the intermittency of non-fuel distributed 
generators, the microgrid cannot be relied on to cover all the demands of the network. A high 
penetration of small scale distributed generators could cause lower inertia and lower power 
support of the network which would lead to lower angular stability and lower voltage stability 
of the network. Furthermore, decentralising the microgrid makes all distributed generators 
respond to the variation of frequency and voltage, due to dismissing the reference slack that 
causes low-frequency power oscillation. Energy storage devices have an important function to 
enhance the efficiency and stability of the microgrid by compensating for the low inertia and 
slow dynamic responses of the microsources that have a power electronic interface. 
Nevertheless, various technical and economic problems should be solved to integrate these 
small scale different types of resources of distributed generators and operate them. 
Synchronising a different type, large-scale deployment of distributed generators is an important 
function to prevent the power imbalance effect due to the power transfer at the transition 
between the connected mode and isolated mode or connect and disconnect the distributed 
generators. Therefore, it is a difficult task to balance the power of the microgrid and maintain 
the stability margins of the network. Many other technical problems arise due to using many 
power electronic devices in terms of power quality, harmonics, and control. A large number of 
converters from DC-DC, DC-AC, or AC-AC raise concerns regarding the converters’ ability 
to balance the power demand of the microgrid under stress conditions such as a faulty situation 
or unplanned demand.  
The communication system is responsible for transferring the data of management and control 
activates the hierarchical structure in addition to monitoring and metering all the processes of 
the microgrid. Any delays in the communication system and loss of control data could cause 
distortion of the system which would have an effect on the reliability and protection of the 
network. 
A large-scale deployment of the different type of distributed generators may affect the 
network’s robustness and reliability. Therefore, it is necessary to provide solutions in control, 
monitoring, and structure, not only to make the concept of the microgrid feasible and 
commercially viable, but also to keep the microgrid stable and safe to operate. 
As a consumer of electricity when hooked up to a charging station, EVs are also classified as 
a mobile energy storage system that distributes within a microgrid, and as such, produce 
significant uncertainty for the network [53]. A complete formulation of the optimal microgrid 
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operation is another issue for the microgrid network, which includes the modelling of 
distributed energy sources, fixed and mobile storage devices, power exchange with the utility 
grid, lowest pollution treatment, and losses reduction of the network [54] 
 
1.1.5 Electric vehicles 
The first use of the term electric vehicle (EV) dates back to 1902 with the first hybrid EV by 
Lohner-Porsche [55]. Recently, the evaluation of the combustion engine vehicles, as opposed 
to the EVs, has been raised due to innovative features and environmental awareness, such as 
immediate torque, silent ride, fewer maintenance costs, and zero emissions. Therefore, the EVs 
have been brought to the attention of many customers, which has led to the escalation of a trend 
for using EVs. The uptake of the EVs market is set to create a considerable amount of loads 
for the electrical power distribution networks in the near future. In general, EVs will be 
connected to various locations and numbers of the electrical network at different times of the 
day for the recharging of their resources. The charging demand of the EVs may tend to coincide 
with the peak demand of the power distribution network, thus adding extra burdens to the 
generation capability. On the other hand, the incorporation of microgrids in the existing 
distribution network not only enables the usage of more renewable energy resources but also 
allows the EVs to be connected as a mobile energy storage system to balance the load of 
microgrids, enhance the stability of microgrids, decrease the microgrid usage prices, and reduce 
the emissions of carbon dioxide and particulate pollutants. The main function of plug-in EVs 
to the electricity network is to charge the storage systems of the vehicles at the charging 
operation where the power flows from the network to the EV. However, the microgrid network 
is less stable than the CPS due to the decentralized operation of the generation units. The EVs 
could be a versatile operation to discharge the energy storage system on specific occasions, to 
prevent the microgrid from collapse, and revenue the owners of the EVs money at the 
discharging operation where the power flows from the EVs to the microgrid. Normally, the 
discharging tariff is higher than the charging tariff. Therefore, the owners of the EVs could 
gain money, rather than paying the microgrid operator at the same level of charging and 
discharging.    
Typically, the EV is combined with two resources; overwhelmingly, these resources are a 
battery and a supercapacitor which operate as the main and auxiliary resources respectively. 
The main challenge to the EV is to manage the net expenditure power between the multi sources 
to meet the demand of a motor operation. On the other hand, the EV operates bidirectionally 
with the microgrid at the bus bar connection; as such a complicated system, power and energy 
management between multiple resources of the EV and microgrid, which has multiple 
distributed generators, is essential to strategies and to arbitrate power sharing between them.  
Independently from the previous analysis, the transportation sectors account for approximately 
31% of the total greenhouse gas emissions, as shown in Figure 1-7 [56], in addition to various 
pollutant particulates such as Sulphur dioxide (SO2), Nitrogen oxide (NOx), Carbon dioxide 
(CO2) and more. Recently, the EV technology has been suggested as a solution to synergize 
the existing generation units and manage a reduction in greenhouse gas emissions to address 
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the challenges of climate change.  The EV is recorded as emissions-free technology. Therefore, 
many governments around the world encourage the development of EV transportation such as 
the US, UK, China and others. Recently, researchers proposed the resources of EVs as being a 
mobile energy storage system that is connected to the distribution network. Normally, EVs are 
connected to the distribution network for charging resources. In some special cases, such as 
high voltage variation or high-frequency variation, the resources of the EVs are used to balance 
the demand of the distribution network. Ideally, the distribution network operator (DNO) 
should deal with the resources of the EVs as integrated devices within the distribution network. 
However, the resources of connected EVs may produce different data, such as:  
 The initial state of charge of the battery and supercapacitor. 
 The capacity of the battery and supercapacitor. 
 Time of connection. 
 Duration time of parking. 
 Required leaving state of charge of the battery by the owner. 
Facing these complexity, the EVs require special energy demand management to deal with 
each EV separatley rather connected to the home park or to the station park as aggregated EVs. 
Such a system is called the charging station system (CSS) which uses energy demand 
management to deal with aggregated EVs. 
 
Figure 1-7: Greenhouse gas emissions by sector in UK during Q1 and Q2  of 2016 [56] 
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1.1.6 Trends of electric vehicles 
. According to the International Energy Agency (IEA), about 1.26 million EVs are used on the 
street today, twice as many as in 2014; the growth of using EVs in many countries over the last 
ten years is shown in Figure 1-8. It is clear that the number of EV owners has increased 
significantly during recent years. For example, the accumulated stock in the US increased from 
fewer than 100 EVs in 2010 to 400,000 EVs in 2015 whereas, in China, it increased from fewer 
than 100 EVs in 2010 to 300,000 EVs in 2015. Factors relating to ecological impact, safety 
operation, charging station infrastructures such as service availability and maintenance, and 
cost of batteries such as driving range, operating cost, and the price of the EV, are the main 
parameters affecting the decision to purchase EVs.  Recent research on battery energy density 
has enabled the EV to drive a longer range for a lower price, reaching to about 300 km, as 
shown in Figure 1-9. For example, the cost of the batteries was estimated at 1000 $/kWh in 
2008, which decreased to about 280 $/kWh in 2015. 
 
Figure 1-8: Evaluation of the global electric car stock, 2010-2015 [57] 
 
Figure 1-9: Evolution of battery energy density and cost [57] 
 
1.1.7 Main types of electric vehicles 
Electric Vehicles (EVs) are a promising technology for drastically reducing the environmental 
burden of road transport such as air pollutants, especially carbon dioxide emission and noise. 
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The main electrical resources for EVs are batteries and supercapacitors. There are other 
resources which could be used, such as fuel cells and flywheels. The battery type, capacity, 
performance, and cost represent the greatest challenges for commercially deploying the 
different type of EVs, whereas supercapacitors have a longer lifetime and are less costly 
compared to batteries. Generally, the other major challenge of large EV usage is recycling 
resources. Each battery generation is likely to be in production for four to five years, as claimed 
by battery manufacturers. Both the battery and supercapacitor are modelled with a capacitive 
characteristic which has a positive impact when connecting to the microgrid in terms of 
reducing the inductive characteristic of the microgrid elements and therefore enhancing the 
power factor. Therefore, focusing on the type of EVs that could be connected to the grid is 
much better from the point of view of adding an extra capacitive characteristic to the microgrid. 
In practice, EVs can be the dynamic capacitive compensation to the grid because of the 
capacitive characteristic of the electrical elements of the EVs, such as the battery and 
supercapacitor.  
EVs are classified  according to their battery capacity, which correlates  directly with the battery 
mass and performance, and the travelling  ranges into hybrid electric vehicles (HEVs) and 
battery electric vehicles (BEVs). HEVs could be either regular hybrid (RHEVs) or plug-in 
hybrid (PHEVs), depending on their connectivity to the microgrid. 
RHEVs combine a battery-powered electric motor and a gasoline/diesel engine and does not 
have to be connected to the microgrid . The majority of battery charging comes from the 
internal compostion engine (ICE) whereas a smaller portion comes from regenerative braking 
by capturing the kinetic energy of the vehicle. The battery can increase the fuel efficiency of 
the HEV by 25% when compared with an ICE car [58], [59]. The PHEVs are similar to the 
RHEVs except for having the ability to plug the vehicle into the power grid for charging 
batteries to increase the electric driving range of HEVs. The battery of this system has a high 
capacity that could make it a primary source, whereas petroleum is considered as a secondary 
energy source for driving a car [58], [59]. The battery charging is obtained from a grid, non-
grid sources such as photovoltaic panels, and braking energy. The driving range for such cars 
depends directly on the battery size and capacity [58], [59].  The BEVs are more efficient than 
ICE vehicles in terms of noise, local pollutant emission, carbon dioxide emissions, and their 
interaction with the microgrid; they are also able to reach zero local greenhouse gas and 
pollutants emissions.   
On the other hand, a large number of BEVs will increase the electricity demand of the 
microgrid substantially. Therefore, the generating grid capacity should be able to meet the 
additional demand of the BEVs. The power flow in BEVs is bidirectional. Therefore, the 
microgrid could utilise EVs to allow them to enter the market in short term periods at higher 
growth rates, when compared to the electricity generation, to keep the system stable without 
adding extra generation units, whereas the grid capacity needs to grow. Furthermore, the 
behaviour of the distribution network and the microgrid as part of the distribution network will 
be modified from a single direction power flow to bidirectional power flow. Such a system is 
very difficult to control, and congestion could occur affecting elements of the microgrid, which 
can then result in local power-outages. Uncontrolled charging of BEVs can significantly 
increase the peak load of the distribution network and thus result in a high cost. Therefore, a 
hierarchical modular structure is required to manage and control each element of the system, 
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including EVs similar to those proposed in this thesis, which will then allow a much greater 
number of EVs in the network. Managing and controlling the EVs may also allow integrating 
the intermittency of the renewable energy by using EV resources’ capacity for mobile storage 
devices. 
The cost of EVs is one of the main barriers to their uptake. In particular, calculation of the total 
cost of ownership involves a large number of variables such as: 
 Cost of batteries. 
 Lifetime of batteries. 
 Cost of EV use.  
 Distance range of EV based on the battery size and cost.  
 Electricity use cost per distance units.  
 EV taxes. 
 Manufacturing age of the EV.   
There are many manufacturers competing in the EV market; the EV culture provides a variety 
of EVs to satisfy each user group which are different in vehicle size and associated battery 
capacity and lifetime. EVs can be classified into sub compact models, medium sized models, 
and luxury models. The battery capacity is 12–21 kWh, 22–32 kWh, and 60–90 kWh 
respectively. The most common EVs are listed in Table 1-1.  
In general, the EVs are classified according to their fuel use into partly electrically fueled such 
as RHEVs and PHEVs or wholly electrically fueled, such as BEVs. The PHEVs and BEVs are 
the two main technologies which are suitable for grid connection. Depending on the level of 
sophistication of the vehicle charging process, the EVs may be considered, from the view of 
the microgrid, as: 
 A simple load that draws a continuous current independently from discrete network 
nodes.  
 A flexible load of an aggregation of EVs with coordinated charging. 
 Generation units where EVs are using their storage devices to inject power into the grid 
according to available resources [60]–[62].  
 
Table 1-1: Battery capacity of different types of Electric Vehicle 
 Model  
Battery 
Capacity 
1.  Toyota Prius 4.4kWh  
2.  Chevy Volt 16kWh 
3.  Mitsubishi iMiEV 16kWh 
4.  Smart Fortwo ED 16.5kWh  
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5.  Honda Fit 20kWh 
6.  GM Spark 21kWh 
7.  BMW i3 22kWh  
8.  Ford Focus 23kWh 
9.  Fiat 500e 24kWh 
10.  Nissan Leaf 25kWh 
11.  Mercedes B 28kWh  
12.  Nissan Leaf 30kWh 
13.  Tesla S 60 60kWh 
14.  Tesla S 70 kWh 
15.  Tesla S 85 90kWh 
 
1.1.8 Electric vehicles description from view of microgrids 
Microgrid operation depends mainly on the distributed generators and storage energy devices 
which play a vital role in increasing the power level of the microgrid to balance the demand of 
the network. In particular, the battery has a high capacity to do work, and normally it has a 
higher energy density when compared to a supercapacitor of the same volume/size. The 
supercapacitor delivers energy faster than the battery as it has a higher power density than the 
battery. A battery-supercapacitor hybrid energy storage system is normally expected to perform 
better than a battery or supercapacitor alone; in addition, such a system increases the lifetime 
of both battery and supercapacitor. Typically, the microgrid should use a bank of batteries and 
supercapacitors connected in series and parallel to meet the voltage level of the network and 
the power level. The bidirectional converter is required for both to transfer the power from the 
storage system to the network at the discharging mode or transfer power from the network to 
the storage system at the charging mode. Such a system is expected to be difficult to implement 
because it has two different kinds of storage system; each one is constructed from small units 
connected in series and parallel. Implementation of such a system is expensive, requires a 
permanent space to install, and requires continuous maintenance. Such system maintenance is 
difficult due to each unit in the system needing to be tested to identify the replacement flaw 
units rather than replace the whole the system.  Connecting many small units of storage devices 
with a different response, requires a complex energy management to balance charging and 
discharging each unit alone.  
On the other hand, the EVs deployment has been increased within the electrical system. The 
main resources of the EV are a combination of multiple energy storage devices such as battery 
and supercapacitor. EVs are assumed to spend most of a day connected to CSS either at home 
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or aggregated CSS. The main function of connection of the EV to the CSS is to recharge the 
EV resources for another journey. Considering some benefits to the owners of the EVs are to 
encourage him/her to discharge the resources of the EVs which make the EV use the same 
function as storage energy of microgrid. Therefore, the EVs work as a mobile energy storage 
system. There is no need to spend the fixed cost of installing, operating, and maintaining a 
mobile storage energy device to the system when the EV has an owner. The energy 
management of charging or discharging small resources of the EV is much easier than a large 
energy storage system with multiple units. However, EVs are distributed in different places 
with a different state of charge for the battery and supercapacitor. Therefore hierarchical 
control is applied to manage the power flow between the EVs and the network in two modes: 
vehicle to grid (V2G) or grid to vehicle (G2V).  This is possible because of the large 
deployment of EVs at different locations, either at private or public CSSs, and due to the 
bidirectional nature of the power flow of EVs could cause congestion in the microgrid, 
affecting its stability. Therefore, applying a successful hierarchical management structure to 
control the charging and discharging process of the EVs becomes vital to obtain a stable 
operation of connecting EVs within the microgrid. 
The EVs’ availability has increased significantly. Therefore, there will be millions of EVs 
spreading across different locations of the microgrids. V2G mode is considered to be a great 
opportunity for a mobile energy storage system to help the microgrid in disturbance cases or 
electricity market emergencies, such as generation outage, to balance the demand when the 
distributed generators are not enough to cover the loads, maintain the voltage and frequency 
variation on the system, or supply cheaper energy when the energy of the EVs is cheaper than 
other resources. The EV will play an important role for peak shaving when the demand is high 
to maintain the voltage stability or frequency stability of the system, and power spinning 
reserve for an unexpected situation.  
This thesis addresses the benefits of: using the microgrid over the CPS, integrating the EV into 
the distribution line of the microgrid at the connection bus, and the power and energy 
management of microgrids and EVs in a systematic and holistic manner, by adopting a new 
perspective approach of functional hierarchical implementation. 
 
1.2 Aim and Objectives 
The main goal of this thesis is to improve the stability performance and resilient operation of 
microgrids through the development of innovative, holistic power management of a microgrid 
network by addressing a unified, systematic framework, where the power management 
decomposes into modular blocks in chronological executions. Management consists of the 
interlocking functions of creating a corporate strategy, policy, and process tiers for organising, 
planning, controlling, and directing the microgrid and EVs’ sources to achieve a robust 
operation of the microgrid. The main contribution from the proposed functionalities relies on 
the coordination of power system sources, locally available sources, mobile energy storage 
systems in EVs, and controllable loads during microgrid autonomous operation. The 
management and control features are expected to increase the reliability, efficiency and 
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sustainability of the system, as well as make the system flexible enough to recover the supply 
and demand conditions in emerging electricity markets, such as after natural disasters, during 
demand congestion, or grid outage, and to avoid power flow congestion. In order to achieve 
this major goal, a set of intermediate objectives have been established:   
Construct a microgrid from a realistic distribution network of a typical community, 
considering the advantages of uniform integrating distributed generators based on 
voltage stability analysis. Several kinds of DGs integrate within the existing distribution 
network to balance loads of a typical community based on the weakest bus bar analysis to 
identify the advantages of microgrids over the previous network. Then, the effects of the 
microgrid on the conventional power system are analysed to determine the voltage stability 
enhancement of a smart grid over the previous system. To identify the EVs within the power 
flow analysis of the power system, a set of analytical equations links the EVs’ characteristics 
within the microgrid and determines the effect of integrating EVs on the voltage stability 
analysis and characteristics of the microgrid. 
Design a holistic, systematic management and control framework constructed from 
several tiers to include the operation of each element connected to the microgrid. In order 
to balance the electrical sources and demands, and maintain the stability of the microgrid, a 
chronological structure of the tri-level hierarchical management operation to form a modular 
power management implementation has been made in order to override the power flow 
congestion of the bidirectional power flow characteristics in the microgrid. The structure 
consists of MGO, CSO, and EVO, with the EVO being structured into three modular, 
hierarchical processes: EMS, PMS and PES.  
The objective function of the MGO is the optimal scheduling operation of several types of DGs 
including renewable energy sources, mobile energy storage of EVs, and controllable loads, to 
minimise the total combined operation and treatment emission costs of the microgrid. Several 
scenarios of a typical community case study have been demonstrated including UC strategy, 
island, and connected operation within this stage of the unified structure.  
The objective functions of the CSO either minimise the cost of charging power or maximise 
the cost of discharging power of aggregated EVs connected to the CSS of the microgrid. EVs 
can be represented as flexible loads or mobile storage devices to potentially provide frequency 
and voltage variation regulation during autonomous microgrid operation. A comprehensive 
case study operating in different scenarios is demonstrated to determine the viability of the 
proposed energy management concept.  
The main objective function of the EVO synchronises the power conversion system of the EV 
to either provide standard waveforms or consume specific energy, based on the resources state 
of the EV.  The EVO has been structured into three shells, with each shell having a particular 
objective function and execution period. The EMS is responsible for providing standard 
waveforms through detecting a positive sequence of an unbalanced waveform nature at a low 
voltage level network, and controlling it using droop controller and vector controller based on 
a set of analytical equations emerging from different levels of active and reactive power at 
different states of resources. The PMS is responsible for arbitrating power between the 
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resources of EV based on the fuzzy heuristic controller. The PES is accountable for the 
innovative switching modulation of the multilevel inverter based on a modified SVPWM 
strategy in order to combine multi-resources operation at minimum losses transition of 
switches.  
The physical model of EV is powered by dual energy resources which are a battery as the 
main resource and supercapacitors as assistant resources. Power conversion circuitry is an 
essential part of integrating the DC form of EVs’ resources to the AC form of the microgrid. 
To maintain the voltage balance of the microgrid as well as achieve good performance, high 
power and high efficiency, a modified three phase, multilevel, H-bridge cascade inverter has 
been chosen, which is able to operate multiple resources connected in series to synergize each 
other. 
Laboratory implementation and testing of the multilevel inverter operation is necessary 
to validate the operation of the multilevel inverter by combining the dual resources 
(battery and bank of supercapacitors). The experimental validation and specification of 
switching the multilevel inverter are of utmost importance for the deployment of EVs within 
the microgrid. The fact that the microgrid is a very complex system with hundreds of elements 
spread over a wide geographical area makes implementing a laboratory microgrid both difficult 
and expensive, but could be managed by a group of researchers who are generously funded. 
Therefore, exploited particular implementation part of the system for the development and 
proof of concept of switching solution envisioning the prototype construction for EVs 
integration within microgrid. The hierarchical management strategy that will be investigated 
for the microgrid operation is depicted in Figure 1-10.  
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Figure 1-10: Microgrid network architecture 
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1.3 Methodology 
An important aspect of this research that has a direct impact on the research objective is the 
choice of the system under investigation. A pragmatic approach in this applied research project 
is adopted to gain and contribute implementation insight to the problem of managing and 
control balancing between the supplies and loads at minimum cost and high efficiency in the 
microgrid. The research begins by constructing the microgrid infrastructure and evaluating the 
advantages of the microgrid from the view of the voltage stability analysis until implementing 
the signals of the energy storage system of the EV through three levels of hierarchical control 
strategies. The long-term, medium-term and short-term objectives are the strategy, policy and 
process of the system, which take place within the MGO controller, CSO controller, and EVO 
controller respectively.  
In this research, an attempt is made to include all relevant components and subsystems to 
produce results that are directly relevant to the practical design. The practical system is 
deployed in a geographical location feeding residential, commercial, and industrial demands 
through the long connection between various distribution network components such as circuit 
breakers, cables and secondary equipment such as protection relay, distribution automation, 
and communications equipment. Therefore, it is expected that there is some significant 
constraint that is not considered using a purely theoretical approach but could be uncovered 
when the practical system is applied. A realistic distribution network with all cables and load 
characteristics, a variety of existing EVs, and existing parameters of distributed generators, are 
considered in control and management aggregated EVs connected to a microgrid in order to 
mitigate unattainable constraints.  
The management and control research of a microgrid begins by constructing the microgrid 
from the existing distribution network by adding all necessary equipment. The case study 
investigated integrates some distributed generators into the distribution network to decentralise 
the distribution network operation and add all necessary power electronic devices and 
communication links to transfer the distribution network into the microgrid network. The 
revenue of the microgrid operation is measured by monitoring the voltage stability indicator of 
the traditional grid compared to the modification grid.  Voltage stability model analysis 
depends on identifying the magnitude of the eigenvalues that provide a relative measurement 
of proximity to instability and the eigenvectors that present information related to the 
mechanism of losing voltage stability.  
For insight into the effect of the EV on the microgrid, the study proposes appropriate 
mathematical equations to integrate the EV into a line of the microgrid based on a modification 
of the characteristic equation of the distribution feeder which carries the EVs. The effective 
location of the charging station in the microgrid is located using the identification of the most 
sensitive bus bar to voltage stability analysis in the network compared to the minimum voltage 
bus bar.  
The study proposes a hierarchical management and control strategy from three sections which 
are MGO, CSO, and EVO to ensure the flexible, stable, and reliable operation of the microgrid 
and EVs.  The MGO sets the objective function to minimise the power cost of distributed 
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generators and treatment pollutant emissions.  The CSO sets the objective function either to 
minimise the cost of charging the power or maximise the cost of discharging the power of the 
EV. The EVO function is to operate a smart charger to decentralise charging and discharging 
the EV. The EV has two energy storage systems: battery and supercapacitors. The baseline 
design parameters of the energy storage systems are obtained through iterative simulation and 
reference of literature. The fuzzy logic theory is used to implement the heuristic reasoning of 
energy management by incorporating the use of battery and supercapacitors in synergistic 
operations. Modified multi-level space vector modulation control is implemented effectively 
to design the modified cascade multilevel inverter to control the charging and discharging 
operation of the battery and bank of supercapacitors with the microgrid.  As the modelling 
platform, the MATLAB environment tools with Matpower and Cplex package are used 
extensively. The schematic diagrams of the inverter have drawn using Altium designer whereas 
the LabVIEW software control the laboratory experiment of the inverter. Some graphs are 
drawn using PSIM simulation software.   
The research into power and energy management of a microgrid, including hybrid battery-
supercapacitors energy storage systems, is a big challenge because: 
 The microgrid has bidirectional power flow in nature.  
 It has different distributed generators’ characteristics. 
 It has different load characteristics. 
 It has two modes of working: island and connected mode. 
 It has a broad network of the communication system. 
 It has many EVs with a different capacity and driving style, whereas each EV has two 
different storage system characteristics. 
All of these uncertainties result in very different energy, power, frequency, voltage, and current 
characteristics. The interactions between these bidirectional power flow components that have 
a different dynamic reaction are not obvious without exploration of all components’ 
technologies and performing some empirical verification. This involves adopting a holistic 
research strategy, embracing all subsystems of distributed generators, EVs, loads, and 
hierarchical control strategy, rather than narrowly focusing on specific frameworks that 
adopted other researchers’ work. The approach provides a comprehensive perspective and adds 
value to this applied research topic. Figure 1-11 illustrates the research framework 
diagrammatically. The operation of a modular, hierarchical controller operates periodically 
according to predefined times for each term based on the sequential decision process.  
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1.4 A Novel Structure of the Future Generation of the Electricity System  
The smart grid can be defined as an automated power system that balances the generation and 
load by using an intelligent controller supported by information and communication 
technology to monitor the generation of the system and load. The smart controller promotes 
management and control as players (bidirectional or unidirectional) connected to the grid, 
whereas the communication link monitors the grid using an advanced metering infrastructure 
to connect the equipment of the grid to the intelligent controller. The operation of the 
transmission system and distribution networks ensures a fixable power transfer with a secure 
and stable operation. Distributed energy resources (DERs) and EVs, which are connected at 
the distribution level, are expected to participate actively in the functioning of the smart grid. 
Thus, the players (DERs and EVs) connected on the distribution networks would support the 
transmission system in the grid. Therefore, the deployment of management and control 
strategies requires extending the monitoring and data acquisition capabilities downstream to 
the distribution level of the grid, thus, changing the concept of centralised management and 
control to a decentralised concept and handling the data processing capability of all the control 
variables and consequent communications. The decentralised management and control network 
organise the distribution network in small controllable networks called microgrids. Each 
microgrid operates as a single controllable system that handles and controls the generation units 
and loads in a coordinated way in grid connected mode and islanded mode. The microgrid is 
considered to have a self-healing capability which works autonomously to disconnect from the 
grid, deliver power to its local area, and recover the supply and demand conditions in emerging 
electricity markets, such as natural disasters, demand congestion, or grid outage. It is possible 
to restore the service of the smart grid by reconnecting the microgrid to the smart grid in case 
the demand exceeds the local generation of the microgrid.  
Microgrids are small areas of the smart grid paradigm to provide the flexible and controllable 
operation of low voltage networks, which then changes the distribution network operation 
philosophy from passive to active. The microgrid is a single controllable network, combining 
distributed energy sources and controllable loads, connected by a communication system, 
ensuring the management and control of interconnected elements at autonomous operation 
mode. The microgrid philosophy improves the system robustness and provides a resilient 
operation as well as an adequate framework to fully integrate EVs as a new player to the 
network. Since the largest microgrid problem is maintaining the stability of the system with 
low inertia and intermittency of microgeneration units, a widely-accepted solution is to use 
EVs’ resources to keep voltage stability, in the short term, in voltage stability oscillation. 
Extensive deployment of the integration of EVs into microgrids will impose many challenges 
to the operation and management charging demands of EVs but will assist in avoiding the 
stability issue.  
The EVs will play a major role in microgrid operation. The EVs are new, flexible load or 
mobile storage devices that are capable of being represented either as a normal load to charge 
the resources as G2V mode, or providing its power back to the microgrid as a V2G mode. The 
EVs are often provided with two resources for short operation time storage: seconds to minutes 
– such as supercapacitor and medium operation time storage; minutes to hours – such as a 
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battery to meet the performance expectation of the vehicle operator. The energy to power ratio  
for short operation time storage is less than one second whereas it is between one and ten for 
medium operation time storage [63]. The energy to power ratio is defined as a division of 
energy capacity by the power rating to get the operation duration time of the device while 
delivering its rated power, which is also called discharge time with unit of second. The high-
power ratio source (battery) works as a primary energy source while the low power ratio source 
(supercapacitor) operates as a primary power source. An important feature for short operation 
time storage is the ability to recapture energy during regenerative braking. Power and energy 
management of the EV is required to meet the power quality and the stability of the vehicle at 
running mode and connecting mode.  
Hybridization of the battery and the supercapacitor become necessary to achieve high 
performance and efficiency of EV operation. However, hybridization of multiple energy 
resources with different characteristics to generate the proportional amount of power and split 
between them is a big challenge for EV research. Configuring the battery and supercapacitor 
electrically within the EV power system and within the microgrid network forms the power 
electronics scope of this research. The multilevel inverter is a good approach to coordinate the 
multiple resources of the EV in bidirectional operation. This operation requires a high-level 
control and management scheme to be incorporated by using the battery and supercapacitor in 
a synergetic way.  The charging infrastructure is an essential part of the interfacing between 
the microgrid and EV. The charging activity could take place at home, work, or through public 
access as single or aggregated EVs. A CSS could be on board with each EV based on the 
hardware and energy storage system capability, or outboard when integrated to the microgrid. 
The outboard charging station is divided into standard charging and fast charging based on the 
capacity of the charging station and waveform characteristics of the grid. The charging 
behaviour of the EV depends on: 
 
 The ability of the resources of the EV.  Period of connection. 
 The state of charge of the resources.  Charging strategies. 
 Location and time of connection.  Microgrid power availability.  
 Driving distance and style requirements.  
 
Widespread integration of the charging stations in the microgrid is a key pillar to reap the wide 
deployment of EVs and the achievement of their large-scale development. Management of the 
role of the charging station to mitigate the congestion operation of EVs, apply microgrid 
constraints, and sophisticate the requirements of the microgrid and owner of an EV, are 
considered to be the biggest obstacles to the widespread adoption of EVs by customers. 
According to complexity of the microgrids’ elements, the control system of the microgrids 
distributes between several operators:  
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 Distripuation Network Operator (DNO) to mange and control many micorogrids within 
distribution network.  
 Microgrid Operator (MGO) to mange and control balancing the generation and loads 
of the microgrid. 
 Charging Station Operator (CSO) to centralize manage and control aggragated EVs 
connected at specific bus bar within charging station system on the microgrid. 
 Privet-Home Operator (PHO) to mange and control charging and discharging home or 
private CSS. 
 Electric Vehicle Operator (EVO) to either apply the CSO or PHO instructon for 
charging or discharging the resources of EVs or decentralize mangment and control the 
resources of EVs. 
This new operation increases the reliability, efficiency, and sustainability of the system. The 
general structure of the CPS and the smart grid system is shown in Figure 1-12.  
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Figure 1-12: The general structure of the conventional power system and the smart grid system 
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1.5 Optimised Microgrids Model Vision 
The power and energy management of the microgrid system within EVs have been addressed 
through various approaches. In this work, the management structure is classified into several 
levels or tiers as a demarcation of hierarchy. The levels of hierarchy management collaborate 
to reach a common objective. The process at each level of the hierarchy management is 
addressed and different tasks executed within different time scales. The hierarchy is organised 
at the top, medium and low levels. Each level is responsible for making a decision that 
influences the specific term targets of the organisation. The framework and decision timeframe 
of the hierarchical management model are shown in Figure 1-13. 
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Figure 1-13: Hierarchical and decision timeframes of management model 
In general, the top level is responsible for long-term goals; the medium level is responsible for 
medium-term goals; and the low level is responsible for short-term goals of the hierarchy 
organisation. Each level bears a directive to the next level of the process through 
communication with each other to enable the levels to carry out the decision-making process 
successfully. It is not necessary for each level to know detailed information about the other 
levels. The operation of the short-term level depends on the reference of the medium-term 
level, whereas the operation of the medium-term level depends on the reference of the long-
term level. The tiers operate in a chronological way, with a different time of execution starting 
from the longest one at the top level to the shortest one at a low level, where the low level 
executes more frequently than the other levels, and the medium level executes more frequently 
than the top level. Therefore, the faster time execution level holds the reference of the lower 
time execution level until the next circle of operation. A change in the internal operation in one 
level does not affect other levels. Here, the top term level of the hierarchical management 
system is the microgrid operator (MGO) which handles the information of all micro-sources 
and loads connected to the microgrid. The middle-term level of the hierarchical management 
system is charging station operator (CSO) which is responsible for the centralised operation of 
EVs. The short-term level of the hierarchical management system is the electric vehicle 
operator (EVO) which is responsible for the decentralised operation of the EVs. 
26 Chapter One: Introduction 
 
The objective function of the MGO finds the optimum generation of the micro-sources 
(including EVs) in terms of low pollutant treatment cost and operating cost of the micro-
sources. The output of the MGO is the generation required from each micro-source and the 
charging power available or discharging power required from the CSO according to the state 
of charge of the EVs. The CSO is more likely to discharge the power of the EVs at low voltage 
or low-frequency deviations. According to CSO states and the optimisation algorithm, the 
MGO decides the amount of charging power on offer or discharging power required. The 
execution time of the MGO is handled longer than other levels and is in the order of tens of 
minutes of operation.   
The input of the CSO is coming from the MGO and each of the electric vehicle agents (EVAs). 
The MGO parameters are the power required, frequency deviation, and voltage deviation, 
whereas the EVA parameters are the state of charge, the period of connected time to the CSO, 
and some controller parameters. The objective function of the CSO concerns the optimisation 
problem to achieve either a minimum cost of charging EVs or a maximum cost of discharging 
the EVs, subject to certain constraints. The output of the CSO is charging or discharging the 
power required from the resources of EVs. The output of the CSO is sent to the EVA of each 
vehicle to execute the decision taken. The execution time of the CSO is handled in between the 
MGO and EVO and is in the order of minutes of operation. 
The EVO is the cooperative device between the EV and the microgrid. The EVO contains the 
direct connection of the resources of an EV to the microgrid network via a smart charger and 
the EVA. The EVO is responsible for the operation between the smart charger of the EV and 
the EVA. The objective is either to make the EVO recharge the resources of the EV based on 
the power reference from the CSO, or to make EVO operate as decentralised charging in case 
of CSO failure to provide the reference power of recharging to the EVA during the operating 
time. The objective function of the EVO is to manage and control the power flow between the 
resources of the EV and the microgrid. The output of the EVO provides the real-time simulator 
for operating the switching of the inverter, which connects the resources of an EV to the 
microgrid. The EVO has lower execution time than other levels such as within a second. The 
operation time of the EVO is divided into three shells: the management shell which is handled 
in seconds; the control shell which is handled in milliseconds; and the power electronic shell 
which is handled in microseconds. 
 
1.6 A Modular Power Management of the Microgrids Structure 
The hierarchical structure of classical management methodology has been chosen as it fits well 
with the description of problems in this work. The system implementation has been designed 
as a unified systematic framework where the power management decomposes into modular 
blocks in chronological executions. The execution of the framework proceeds to demonstrate 
a reconstruction of the power management problem. Framework management divides the 
problem into smaller groups to control specific functions, which are the MGO, CSO, and EVO.  
Microgrid management focuses on the entire organisation of all available resources and 
electrical demand from a short-term to long-term perspective to achieve a resilient operation 
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with maximum efficiency. It includes all equipment of the microgrid network, such as supplies, 
loads, EVs, conductors, capacitors and reactors, power electronic devices, protective devices, 
and communication devices. Management consists of the interlocking functions of creating a 
corporate strategy, policy, and process tiers for organising, planning, controlling, and directing 
the microgrid resources to achieve resilient operation of the microgrid. 
The concept of the modular power management into hierarchical process levels presents an 
approach to define functionality and interface multidisciplinary objects in a systematic breadth 
and in-depth manner. This is further illustrated in Figure 1-14. The modular structure involves 
several processes ranging from long-term period segment decisions of the MGO to very high-
speed control of the power electronics to facilitate power management by addressing each 
major part of the process independently. Then, the modular structure consolidates the 
multidisciplinary process to form a complete system. The structured format describes 
hierarchical tiers corresponding to the level of management mission and is seen as the upside-
down structure on the left-hand side of Figure 1-13. 
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Figure 1-14: Concept of a modular management structure 
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The breadth of the tier organisation management structure increases lower down the 
management hierarchy in relation to time execution. The top tier of the modular management 
structure handles the strategic planning or long-term strategy for balancing of the generation 
and demand power. The middle tier decides appropriate actions of the policy planning or 
medium-term policy of the centralised charging/discharging aggregated EV. The decision 
which has been taken by the middle tier feeds downstream to the lower tier of the execution. 
The lower tier, which handles the lower-term planning of the EV power management, processes 
the decision of the middle tier in three stages, which are Energy Management Shell (EMS), 
Power Management Shell (PMS), and Power Electronics Shell (PES). The EMS involves long-
term periodic time segment decisions of the energy expenditure for the process tier due to slow 
dynamic parameters’ responses. The decisions of the energy management are accordingly 
termed as the regulatory of the system, which provides a regulated periodic manipulation of a 
set of control parameters to the next stage of the processing tier. The PMS is the next stage of 
the processing tier which involves medium-term periodic time segment decisions. The PMS is 
termed as advisory to the processing tier, which is responsible for determining the power split 
decision for the multiple energy storage systems of the EV. The two objectives of managing 
energy and power cannot be completely decoupled due to the different objective responses to 
maintaining the SoC level as well as maximising the usable energy of both resources, and 
determining the instantaneous power split between the resources.  
The dynamic response of the PMS parameters is higher than the EMS parameters. Therefore, 
the iteration rate of the PMS is several magnitudes higher than the EMS. The final stage in the 
processing tier is the PES which is termed as being instructive of the process. The PES is 
responsible for the actual power blending of the energy storage systems of EV using the power 
split ratio determined by the PMS. The PES decomposes the reference power trajectories into 
appropriate control switching functions of power electronic devices. 
The complete modular structure can be described as a hierarchical decision epoch, as presented 
in the lower part of Figure 1-14. The MGO-strategy is a plan of action designed to achieve a 
long-term or overall aim of the power generation from the distributed generators of the MG 
network to balance the electrical demand. The MGO-strategy is developed to transmit guides 
and philosophy to all components of the MG network. The MGO-strategy is concise in guiding 
the framework operation of the power management problem.  
The CSO-policy is a mid-term level of the power management framework. It is developed to 
transmit the strategy guides and philosophy to the EVO-process. CSO-policy should exist to 
cover almost every aspect of organisational control because the EVs have special requirements 
to establish the procedure. CSO-policy and EVO-procedure dictate how charging/discharging 
occurs in each area of the MG. The CSO-policy could be driven either top-down as a centralised 
charger, or bottom-up as a decentralised charger method of the organisation. Top-down CSO-
policy development operates as a central controller for charging/discharging all EVs connected 
to the CSO. Therefore, the CSO-policy is aligned with the MGO-strategy of the power 
management; however, it has a slower operation than a bottom-up approach, which requires a 
substantial amount of time to implement. On the other hand, the bottom-up of the CSO-policy 
development addresses the privacy concerns of the EV owner because it starts with their 
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requirement and concerns. It is faster than a top-down approach. However, it has huge 
disadvantages in the risk of power flow congestion that take off modular management 
framework leading to a blackout of the entire network. The bottom-up operates in case the 
chronological sequence of the CSO operation is delayed. Therefore, the EVO responds to the 
bottom-up policy development. The CSO-policy applies a strong emphasis on the power 
management framework. It specifies what is expected from the MGO and how management 
intends to meet the needs of the EVO. The CSO is responsible for security policy, which 
dictates the commitment of the management to the owner of the EVs, the operation of 
charging/discharging the resources of the EV, and the flexibility of power flow.  
The EVO-process is the lowest level of power management framework that must adhere to 
CSO guidelines. It addresses the CSO guidelines and implements their philosophy to the energy 
storage systems of the EV. The EVO-process is more dynamic than the CSO-policy which 
requires more frequent changes to achieve the CSO and owner of the EV requirements, where 
they dictate what type of operation the EVO should implement. The EVO-process is 
implemented by linking three sub-processes involving MES-regulatory for the energy 
management system, PMS-advisory for the power management system, and PES-instructive 
for the power electronic interface. Therefore, the holistic power management of the microgrid 
network is addressed in the proposed methodology. The market operator at the territory control 
level is responsible for identifying the different rates of the tariff to power direction mode 
during a day through all operators of the microgrid.  
A summary of the microgrid power management modular structure is as follows: 
A. Strategy – Long term objective – microgrid operator (MGO): decision epoch regarding 
hours 
B. Policy – Medium term objective – charging station operator (CSO): decision epoch 
regarding minutes 
C. Process – Short term objective – electric vehicle operator (EVO): decision epoch 
regarding seconds 
1. Regulatory – Long term sub-process objective – Energy Management Shell 
(EMS): decision epoch regarding seconds 
2. Advisory – medium term sub-process objective – Power Management Shell (PMS): 
decision epoch regarding milliseconds 
3. Instructive – short term sub-process objective – Power Electronic Shell (PES): 
decision epoch regarding microseconds 
 
1.7 Contributions 
This dissertation deals with the concept of the effect of integrating EVs within a microgrid and 
applying a hierarchical management applicable to microgrid network application. In particular, 
the thesis addresses the management of the microgrid, which has a variety of distributed 
generators and a fleet of EVs connected to a charging station system with hybridization forming 
the dual resources of an EV. This thesis considered the practical applicability and 
implementation methodology of managing microgrid components as a holistic, working 
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system. The majority of the published work is mainly focused on the optimisation of microgrid 
operation or optimisation of EV operation, as an offline computation and non-physical 
connection method to obtain the minimum operation cost from the view of optimisation issues. 
Other researchers limited the research to operating the converter system of the EV to either 
obtain the optimum power arbitration of dual resources over a predefined load profile, or 
proposed a topology and switching modulation function to obtain high power quality. Minor 
researches considered management and control of the microgrid, including the integration of 
EVs, as a holistic working system. As a result, the contradicting objectives that arise when 
modifying a distribution network to a microgrid network can be listed as follows: 
1- Find the effect of the EVs on the microgrid network. 
2- Find the optimum operation of the microgrid that has different characteristics of 
distributed generators, different kinds of loads, and EVs. 
3- Manage and control the centralised charging and discharging operation of the EVs as a 
supporter of the distributed generator. 
4- Compensate the decentralised operation of the EV to manage and control the power 
flow through energy storage units,including the associated power electronic topology 
and switching modulation that facilitates the integration of EV into a microgrid.  
As a holistic system approach, this thesis contributes to constructing, describing, integrating, 
and operating the key processes involved in microgrid power and energy management.  
This thesis presents the following novelties: 
 The positive impact of voltage stability enhancement on the operation of microgrid 
concept compare with conventional grid. 
 The impact of integrating aggregated EV at specific bus bar on the microgrid voltage 
profile and voltage stability  characteristic at discharging operation mode. 
 Design a unified systematic framework to implement the power decomposes into 
modular blocks in chronological execuation for three operators: Microgrid Operator 
(MGO) to ececute long term desition of management and control couple of distributed 
generators with loads, Charging Station Operator (CSO) to mange and control 
aggregated EVs connected at specific bus bar on the microgrid through charging station 
system, and Elictric Vehicle Operator (EVO) to mange and control operation of duel 
resources of EV within microgrid in term charging and discharging activity. The 
holistic Moduler Power Energy Management System (M-PEMS) execuation proceeds 
to demonestrate a reconsetraction of the power management problem. 
 Modified space vector pulse width modulation to do switching an eighten swithes of 
modified H-bridge multi-level inverter for controlling duel resources of EV.   
 Interconnecting the operation of vriaty different dynamic response elements of 
microgrid at different level to provide reseliance operation of microgrod including EVs  
through various execution time operators of the modular framework structure, which 
then makes all the microgrid elements collaborate each other to operate as one 
compleate system. The EVs integrated into microgrid based on a set of equations to 
calaculate the power flow and regulate the power level of charging or discharging.  
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Operating of the M-PEMS has been structured into modular hierarchical process operators. The 
MGO handles the long-term decisions to optimise minimum cost and minimum pollution of 
the power usage in the distributed generators at the microgrid. The process within CSO, 
however, handles medium-term decisions to optimise minimum charging cost or maximum 
discharging cost of fleet EVs connected at the microgrid. Finally, the EVO handles the short-
term decisions that facilitate the power and energy management of EV.  
The modified multilevel inverter proposed in this thesis is suitable for EV application that is 
powered by a dual energy storage system, consisting of the battery connected to a three-phase 
bridge inverter and three supercapacitors connected in series with each leg of a standard three-
leg inverter through an H-bridge converter. 
The modular structure approach is oriented to ensure the reliable and stable operation of the 
microgrid with the objective of contributing completeness of the control and management of 
the operation of the EVs within the microgrid problem description.   
The key contributions as a result of this thesis in order of presenting inside thesis can be 
summarised as major and minor; the major contributions are as follows: 
1- The thesis presents a fresh perspective to operating the EVs within the microgrid 
research arena by introducing a novel approach that provides a modular structure with 
three distinct hierarchical processes resulting in the following key benefits:  
A- Balancing the energy sources and electricity demand within MGO.  
B- Managing and controlling the centralised charging and discharging aggregated EVs 
connected to charging station within CSO. 
C- Managing and controlling power flow between the resources of the EV and the 
microgrid as well as switching to a decentralised charging operation in case any failure 
happen in the centralised charging station within EVO. 
2- The thesis distinguishes the voltage stability enhancement of the smart grid at two 
modes: i.e. (a) connected and (b) disconnected microgrid operation over the 
conventional power grid.  
3- This work identifies the optimisation requirement and considers all the constraints of 
the distributed generators and electrical demands to implement and achieve minimum 
cost operation and minimum cost pollutant treatment for maintaining a balanced 
operation between the supply and load. 
4- The dissertation presents a formulation for the charging and discharging power 
management with scheduling equations incorporating fleet EVs connected to the 
charging station at the microgrid to achieve minimum charging cost or maximum 
discharging cost without a congested power flow. The charging formula constraint is 
based on several factors: the initial state of charge, a period of connection to the 
microgrid, desire to leave the state of charge, rated power of the converter, and capacity 
of the energy storage. The discharging formula is based on owner acceptance, the state 
of charge of a predefined limit, frequency and/or voltage deviation, in addition to 
charging formula constraints.  
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5- It provides a modular structure for decomposing the power and energy management for 
charging or discharging EV powered by dual energy storage resources within the 
hierarchical process.  
6- The thesis presents a novel formulation of the reference power management by 
understanding the mathematical equation of integrating EV into the microgrid and the 
physical constraints of the energy storage technology.  The energy management 
operation illustrates, based on the sequential decision process of control, the power 
fluctuations at the connection node of the EV to the microgrid to accommodate the 
process of the management energy shell (EVO-EMS). 
7- The method of determining power-split ratios to charge or discharge the battery and the 
supercapacitors is made using the controlled signal of the EMS to accommodate the 
process of the power management shell (EVO-PMS). 
8- It describes the numerical design and practical validation based on CompactRIO 
devices and LabVIEW software to modulate SVPWM for operating the multi level 
inverter under research, and provides technical insight information on the hybridization 
of the battery and the supercapacitors to accommodate the process of the power 
electronic shell (EVO-PES). 
9- The thesis presents the flexibility of charging or discharging the EV by merging the 
centralised and decentralised operations of the EV, based on the owner of the EV 
requirement.  The EVA at centralised smart charging implements the instruction of the 
CSO, whereas a smart agent of the EV is responsible for controlling the charging or 
discharging intervals of the EV in decentralised smart charging. 
The minor contributions are as follows 
10- It presents a clearly constructed microgrid from an existing distribution system in the 
form of choosing a suitable type and location of distributed generators and all necessary 
power electronic equipment. This assists towards reconstructing the existing 
distribution network into the microgrid concept. 
11- It defines clearly the construction of a centralised charging station to connect each EV 
to its recharging socket, which collects the state of the vehicle and addresses it to the 
bidirectional power flow meter. The state of the vehicle transfer to the process of the 
charging station is to apply the optimisation function.  
 
1.8 Publications 
The following publications are based on the work completed as part of this thesis. The 
categories include conferences, Cranfield Events, Journals and poster sessions: 
Chapter 1 
1. M. Alkhafaji, P. C. K. Luk, and J. Economou, “A holistic modular power management 
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Nexus Conference Proceedings, June 2017 [64]. 
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Modeling and Simulation, LSMS 2017 and International Conference on Intelligent 
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September 22–24, 2017, Proceedings, Part III [69]. 
 Chapter 5 
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1.9 Outline 
The thesis is organised into eight chapters. The first chapter contextualises the problem scope 
under investigation. The main subjects of this chapter introduce the motivation behind this 
research, describe the proposed modular structure under investigation, and delineate the thesis 
aims and set of objectives to achieve these aims. The chapter identifies the main challenges 
facing the power system grid and suggests decentralising the power system operation towards 
the microgrid as a solution. The control and management hierarchical strategy main 
contributions and outlines of this thesis are presented. A brief summary of the contents of the 
following chapters is given below and explained in Figure 1-15 whereas a brief summary of 
Thesis’ Structure, Aim and objectives, Tasks, and Novelties by chapters are presented in 
Figure 1-16. 
Chapter One: Introduction  35 
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Figure 1-16 Thesis’ Structure, Aim and objectives, Tasks, and Novelties 
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Chapter two provides reviews of the state of art of the power system, smart grid concept, 
microgrid concept, energy storage system, control of power electronic devices, and topologies 
of the converters. The research trends focus on the modular framework structure of integrating 
the EVs into the microgrid. The main components of the microgrid, the impact of the EV 
operation, and the charging station infrastructure are investigated to gain an understanding of 
the microgrid and EV. This follows with a review of a charging station infrastructure, and 
energy storage technologies. The various techniques of power electronic interface including 
bidirectional isolated and non-isolated converters, switching modulation strategy, and control 
strategies of the connected converter to the microgrid. A proposed multilevel inverter topology 
to manage and control multiple energy storage systems in EVs are also presented.  
 
Chapter three discusses the integrating distributed generators and EVs within the microgrid 
and evaluates the microgrid operation from the view of voltage stability. The chapter 
determines the effective location of distributed generators in the microgrid based on finding 
the most sensitive bus to the voltage stability. It also evaluates the microgrid operation in island 
mode operation compared with the traditional grid, from the view of voltage stability, by using 
a case study. Furthermore, some obstacles preventing the spreading of microgrids are 
illustrated. Modifying the electric parameters of a distribution line with the characteristic 
equations of the energy storage system of EVs is suggested as a solution of the generalised 
mathematical equations of integrating EVs within a microgrid. This follows studying the effect 
of EV compensation on the critical receiving end voltage and power values. The impact of the 
compensation of the EV within the microgrid is discussed using an example of the 
compensation scheme and numerical analysis of the distribution network case study that has a 
fleet of EVs connected to the specific bus of the distribution network.  
 
Chapter four focuses on the optimal scheduling of the distributed generators using a mixed 
integer quadratic programming approach that implements using the MATLAB environment 
and Cplex package. This chapter discusses the long-term management of the microgrid (MGO) 
which is responsible for balancing the supply and load to keep the microgrid operationally 
stable. A multiobjective optimisation algorithm is conceptualised/designed and implemented 
to schedule the generation of each distributed generator based on the optimisation model, 
operating cost, set of constraints for each unit, and variable electricity pricing to minimise the 
operation cost and the emission pollution of the microgrid energy cost. The model of the EVs 
is implemented as a fleet of EVs connected to the charging station. The medium-term 
management of the microgrid (CSO) is responsible for informing the MGO about the 
consumption demand of the EVs and the surplus power that could discharge from the EVs 
according to the energy storage limit. A case study of the proposed microgrid is analysed using 
different scenarios of operation that depend on the four parameters to investigate  the impact 
of the MGO. These parameters are status mode (island or connected mode) and unit 
commitment strategy (applied or not applied). 
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Chapter five introduces and describes the operation of CSO regarding management charging 
or discharging the fleet of EVs connected to it. This chapter discusses the medium-term of 
hierarchical management strategy of the microgrid which should be operated in minutes. The 
CSO is responsible for satisfying the owner of the EV in terms of several options. These options 
are charging the EV at minimum cost, reaching the energy storage of the EV to the desired 
state of charge at the leaving recorded time, metering the charging cost and revenue the 
discharging cost of each EV. The discharging EVs within CSO are limited to owner choice, 
frequency deviation, voltage deviation, and a predefined state of charge limit for energy 
resources. To minimise the charging cost or maximise the discharging cost of the EV, two 
optimisation algorithms are proposed/designed and implemented to schedule the operation of 
the inverter of each EV according to the available power from MGO, a period of connection, 
desired leaving state of charge, and predefined state of charge limit of the energy storage 
system. Scheduling the charging or discharging operation of the EV is optimised using a mixed 
integer linear programming approach using the MATLAB environment and Cplex package. 
Subsequently, charging and discharging many EVs from a different company are tested at the 
various demands of the MGO. Each EV has two energy resources: the battery as the main 
energy resource and the supercapacitor as the main power supply.  
 
Chapter six introduces and describes the operation of the EVO regarding management and 
control of the charging or discharging of the battery and the supercapacitors of the EV. It 
provides the modelling and application of the battery and supercapacitor for the EV system. A 
comparison between the traditional bidirectional converter topology and multilevel converter 
topology of EV application is discussed to find a suitable topology for connecting the EV to 
the microgrid and hybridization battery with a supercapacitor. The modified algorithm details 
of a multilevel SVPWM modulation of a suitable inverter for EV application is presented. A 
decomposition of the energy management and control of the EVO into a structured and modular 
framework is discussed. The framework of the EVO is accomplished by three sectors: EMS, 
PMS, and PES. The sectors are then demonstrated in the complete design of processing the 
charging and discharging dual resources of the EV. An exemplification of the proposed system 
at the different current range for charging and discharging is discussed along with the 
simulation results. The power sharing between the battery and the supercapacitor to support 
the microgrid is also discussed along with the simulation results.   
 
Chapter seven describes the details of the physical experimental setup, the practical circuit 
diagrams of the rig, and the experimental results to validate the PES operation of the modified 
cascade multilevel inverter at different output voltages using CompactRio devices and Lab 
VIEW software.   
Chapter eight concludes this thesis. Key areas and some remarks and suggestions that require 
further investigation are presented in this chapter. 
The appendices provide formula derivation details, explanatory tables of chapters, graphs of 
simulation software, and graphs of practical software. 
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2. Chapter Two: Literature Review 
 
2.1 Introduction 
The prospect of the wide spread of EVs in the future is contingent on the modifying the existing 
power system to use it in a more effective way to increase the ability to foresee the rapidly 
increasing demand and the desires of charging/discharging the resources of EVs. It is important 
to measure the electric system willingness to operate the connected EVs in bidirectional 
without congestion as well as the EVs willingness to integrate with the electricity system in 
term of charging or discharging electricity according to the electricity system, resources of 
EVs, and owners of EVs requirement. Therefore, the electricity community aspects 
determining an effective strategy to design, management, and control an optimum operation of 
the electrical system to cover a large deployment of EVs.    
In this chapter, the existing literature and state of the art which have risen electricity system 
and EVs dimensions are explored. However, the main objective of the review is to present the 
essential parameters of integrating EVs into electrical system effectively and what modelling 
techniques have been applied to capture this target. In this way, a broad literature survey on 
electricity system including the conventional system, smart grid, and microgrid research is first 
presented followed by a review of energy management of microgrid resources. Subsequently, 
an introduction of linking the electric power system and EVs thus enabling technology is also 
presented. Therefore, it is possible to illustrate the underlying reasons for modifying the 
existing power system to smart grid system and the proposed modelling of integrating EVs 
within microgrid in chapter three. The survey also attempts to overcome reason behind 
applying the suggested hierarchical modular framework of management and control strategy 
of operating EVs within microgrid in chapters four, five, and six. Then, the literature of power 
conversion topologies and control strategies of charging system infrastructure to connect the 
EVs to electric system are discussed. In this way, it will be possible in chapter six to 
demonstrate the suggested power conversion topology and proposed management and control 
multiple resources of EVs. Therefore, all necessary parameters, rules, and factors that might 
influence the operation of EVs within microgrid are discussed.   
 
2.2 Overview 
There are many factors that drive many countries to change their infrastructure of electric 
system from a traditional system to smart grid system; the main reason is to reduce carbon 
dioxide emission in addition to depending more on renewable energy than fossil fuel energy. 
This changing is followed by demand development especially plug and play demand such as 
electric vehicles (EVs). The EVs are expected to connect to the various location of electricity 
outlet at the different times of the day; it works as a mobile energy storage system. The electric 
vehicles produce much lower carbon dioxide than the traditional way of transport during their 
operation.  The target is set for Europe to reduce the carbon dioxide emission from 140.3 
gCO2/km in 2010 to 95 gCO2/km by 2020 [71], [72]. Among all resources of CO2 emission in 
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the UK, the energy supply accounts for about 37% whereas the transportation accounts over 
25% as shown in 
Figure 2-1[73], the UK target is reducing CO2 by 80% in 2050 compared with 1990 level [74]. 
It has set a goal that 30% of the generated electrical energy will be produced from renewable 
energy resources and 1.7 million of electric vehicles will be used; the renewable energy has 
produced about 19% from UK generation in 2014 as shown in  
Figure 2-2[72]–[75].  
BERR concludes that the lifecycle of CO2 emission for EV will produce less than 50 g/KM; it 
will produce one-third of petrol-based vehicles [75]. Plug-in Hybrid EVs (PHEVs) and full 
EVs (BEVs) are mainly two technologies which are expected to represent a load for power 
distribution system in the forthcoming years [75]. Electric Vehicles could be considered from 
the view of distribution network as: 
 Simple load that draws a continuous current from the electrical outlet.  
 Flexible load that could allow an aggregated vehicle to coordinate their charging 
procedure. 
 Energy storage devices that could use the EVs to inject power into the grid according 
to the available resources of the EVs [76].  
 
 
Figure 2-1: Shares of  UK greenhouse gas  
emissions in 2014 [73] 
 
 
Figure 2-2: Shares of UK electricity generation in 
2014 [73] 
The invention of the electric vehicle is attributed to various people.  In 1828, Ányos Jedlik 
created a tiny model car powered by an early type of electric motor as shown in Figure 2-3 and 
Figure 2-4. In 1834, Vermont blacksmith Thomas Davenport operated a small model of EV on 
a short section of track using a battery powered the DC electric motor. After word, many 
researchers developed deferent kind or sources to operate the EV paving the way for the later 
electrification of the transportation sector. In 1902, Dr Ferdinand Porsche took the EVs 
technology further steps by making a hybrid motor vehicle version of the Lohner electric. After 
the 1960s, interest in the published work in EVs increased due to environmental awareness and 
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reduced dependency on imported fossil fuel oil [77].  On the other hand, interest in the 
published work in microgrid dates back to the early 1990s when rapid development of the 
renewable energy technology occurred. Since then, the effect of EVs on microgrid was 
considered the domain of new generation of power system infrastructure and hence not a 
popular topic of research for electrical engineers until the middle of 2010, where the publication 
reaches 97 on 2015 as depicted in the histogram of Figure 2-5. Clearly, there is a research gap 
in understanding the interactions of the microgrid and the EVs and how these can be used to 
enhance how the operators can benefit together with the consumer. The last few years have 
shown an increase in publications on EV and microgrid research. It indicates that the integrated 
EVs into the microgrid and the associated issue of managing power between the resources of 
EV and microgrid are gaining research interests. EVs are a category as a new plug and play 
equipment with unique features, The EVs are expected to connect to the various location of 
electricity outlet at the different time of a day, and it works as mobile equipment with 
bidirectional power.  As such there are many opportunities for contribution in this kind of 
research. Power management either between the EVs and the microgrid or between virus kind 
of resources of an EV are one such area of growing research interest as depicted in the 
histogram of Figure 2-5. Many works focused on the fundamental study of optimal charging 
EVs, some of them have focused on discharging power of the EVs to the grid. The following 
sections describe the basis of a microgrid, power electronics of the EV, multiple energy storage 
systems in the EV, and integrated the EVs into the microgrid.   
 
Figure 2-3: The first Electric vehicle model by 
Ányos Jedlik in 1828. 
 
Figure 2-4: The first Electric motor model by 
Ányos Jedlik in 1827. 
 
 
Figure 2-5: Publication on electric vehicle and microgrid extracted from Scopus database 
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2.3 Power System Infrastructure 
The main purpose of the electrical system feeds electricity to consumers, the quality and 
reliability of electricity within minimum cost and environmental impact are a most important 
issue for users. Therefore, protection devices keep voltage and frequency within limits, 
assurance of equipment integrity and operation within fault rating are required. The distribution 
operator uses supervisory control and data acquisition (SCADA) system for real-time 
observation, monitoring, and controlling the DN within centralised infrastructure  [78, Sec. 
1.3], [79].  
 The conventional power system consists of three levels generation, transmission, and 
distribution in addition to the protection and metering  devices. The power is transferred in a 
single direction from generation unit to a load in distribution area through the transmission line. 
The generation unit is a big plant that depends mainly on a fossil fuel to generate the power, 
for instance, most of the United Kingdom’s electricity was produced by combustion of fossil 
fuels as shown in Figure 2-2 [73], [80].  
The power, which is generated at bulk electricity generation, transfers to the demand area 
through the long transmission line. The transmission line carries high voltage power for long 
distance thus ensuring minimum transmission line losses. The transmission line connects to the 
generation area at the grid supply point through high rated supply transformer, for instance the 
transmission system of UK transfer power through about 25,000 Km and 2,000 Km of high 
voltage overhead and underground lines respectively, which cover four levels of voltages: 400 
kV, 275 kV, 132 kV, and 110 kV [79], [81, Sec. 4.2]. 
The last stage of power system feeds electricity to the industrial, commercial, and residential 
customers through different levels of distributed voltages, for instance, the UK distribution 
levels are 66kV, 33kV, 22kV, 11kV, 6.6kV, 400V, and 230V according to demand [82]. 
Moreover, there are 14 distribution networks areas operated by eight Distribution Network 
Operators (DNO) [83].  
However, the centralised architecture of traditional/conventional power network may become  
challenging to meet the development of power system in relation to voltage and frequency 
regulation  for example.  climate change, adding new plug and play loads, and growing the 
renewable energy technology. These concerns, therefore, drive  many countries to modernise 
the existent power system and  use  the more efficient proposed smart grid concept [84]. 
 
2.4 Smart Grid Concept 
A definition of the smart grid is still not standardised; there are many definitions to the smart 
grid such as U.S. Department of Energy (DOE) [85], Independent Electricity System Operator 
(IESO) [86], and the National Association of Regulatory Utility Commissioners (NARUC) 
[87]. The DOE definition stated that “A smart grid is an automated, widely distributed energy 
delivery network, the smart grid will be characterised by a two-way flow of electricity and 
information and will be capable of monitoring everything from power plants to customer 
preferences to individual appliances. It will be incorporated into the grid together with the 
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benefits of distributed computing and communications, therefore, delivering real-time 
information and enabling the near-instantaneous balance of supply and demand at the device 
level.” 
The IESO definition stated that “A smart grid is a modern electric system. It uses 
communications, sensors, automation and computers to improve the flexibility, security, 
reliability, efficiency, and safety of the electricity system.” 
The NARUC definition stated that “The smart grid takes the existing electricity delivery system 
and makes it ‘smart’ by linking and applying seamless communications systems that can gather 
and store data and convert the data to intelligence, communicate intelligence omnidirectional 
among components in the ‘smart’ electricity system, and allow automated control that is 
responsive to that intelligence.” 
The smart grid will enhance the complexity monitoring of the system and connection with other 
components using information and communication technologies to gather the information of a 
component of the smart grid. It increases the interdependency on the power management of 
demand. The system in smart grid will be separated into many areas; each area called Island to 
reduce the physical and electrical distance between generation units and loads. Each island is 
active that is working alone and covering all the demand within the area depending mainly on 
renewable energy sources. Island area could be connected to the utility grid in case the 
generation exceeds the demand at the point of common coupling. The point of common 
coupling works as a switch to separate a network into island mode [38], [39]. This operation 
increases the efficiency, reliability, and sustainability of the system. The guideline to 
understand and define the interconnection of an electric power system, a communication 
system, and an information system of the smart grid are explained in the IEEE 2030 standard 
on smart grid as shown in Figure 2-6 [88]. 
 
 
Figure 2-6: Smart grid structure [88] 
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2.5 Microgrid Concept 
The earlier work on a microgrid started by Mukul C. Chandorkar and M. Deepakraj in 1993, 
they developed a new control method for an inverter to feed real and reactive power to the grid, 
that is suitable for an island system topology [89]. A definition of the microgrid is still not 
standardised; there are many definitions to the microgrid, R.H. Lasseter introduced the 
definition to the micro grid as “a system approach which views generation and associated loads 
as a subsystem”[44]. Researchers stated other definitions such as Schwaegerl et al., have 
defined a microgrid as “an integration platform for supply-side (micro-generators) and 
demand-side resources (storage units and controllable loads) located in a local distribution 
grid”[52]. C. Marnay et al. have expressed a microgrid as clustering of sources and sinks into 
semi-autonomous[90].  J.A.P. Lopes et al. have defined microgrid as an LV network plus its 
loads and several small modular generation systems connected to it, it provides both power and 
heat to local loads (combined heat and power (CHP)) [37]. The ABB researchers refer to a 
microgrid as an electrical system that relies on the gathering, distributing, and collecting the 
information for all electrical components to achieve the best economics, efficiency 
sustainability and reliability of the scheme. The Consortium for Electric Reliability Technology 
Solutions (CERTS) assumed microgrid concept as an aggregation of loads and microsources 
operating as a single system providing both power and heat to its system [91]. U.S. Department 
of Energy Microgrid Exchange Group identified a microgrid as: ’’A microgrid is a group of 
interconnected loads and distributed energy resources within clearly defined electrical 
boundaries that acts as a single controllable entity on the grid. A microgrid can connect and 
disconnect from the grid to enable it to operate in both grid-connected or island mode’’[92]. 
CIGRÉ C6.22 Working Group, Microgrid Evolution Roadmap identified a microgrid as: 
’’Microgrids are electricity distribution systems containing loads and distributed energy 
resources, (such as distributed generators, storage devices, or controllable loads) that can be 
operated in a controlled, coordinated way either connected to the main power network or island 
mode’’[93]. 
CIGRÉ C6.22 Definition Qualifiers identified a microgrid as:  
1- Generators cover all sources possible at the scales and within the context of a microgrid, 
e.g. fossil or biomass-fired small-scale combined heat and power (CHP), photovoltaic 
modules (PV), small wind turbines, mini-hydro.  
2-  Storage Devices includes all of electrical, pressure, gravitational, flywheel, and heat 
storage technologies. While the microgrid concept focuses on a power system, heat 
storage can be relevant to its operation whenever its existence affects the operation of 
the microgrid. For example, the availability of heat storage will alter the desirable 
operating schedule of a CHP system as the electrical and heat loads are decoupled. 
Similarly, the pre-cooling or heating of buildings will alter the load shape of heating 
ventilation and air conditioning (HVAC) system, and therefore the requirement faced 
by electricity supply resources.  
3-  Controlled loads, such as automatically dimmable lighting or delayed pumping, are 
particularly important to microgrid simply by their scale. Inevitably in small power 
systems, load variability will be more extreme than in utility-scale systems. The 
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corollary is that load control can make a particularly valuable contribution to a 
microgrid’’. Therefore, microgrid does not have a technical definition which is defined 
by their function, not by their size. Nevertheless, it has still evolved [26], [37], [90], 
[91], [94]–[98].  
4- The first study for designing energy balance of microgrid in the UK was discussed by 
Abu-sharkh et al. [49]. They examined the effect of microgrid application on the UK 
power supply focusing on frequency, voltage control, and power quality.  The general 
conclusion of authors stated that the microgrid has a major contribution to reducing 
emission. However, a major change should be applied to the electricity market and 
regularity structure to reconstruct the existing power system to microgrids networks.   
A Microgrid is a single controllable network that works as a cluster of micro sources which 
deliver power locally to loads and act as a transceiver with other networks by ensuring 
communication, management, and control of interconnected elements to achieve autonomous 
operation mode. A microgrid is a small-scale power supply network of the smart grid. A 
microgrid is designed to work as a cluster of loads, which are connected to micro sources that 
deliver power to its local area. It operates as a single controllable system that provides power 
and heat to its local area. It increases the reliability of the system and reduces the losses and 
cost of transmission lines. A distribution network in the microgrid would be changed from 
passive to active, which is being real time infrastructure and dynamic interactive. The system 
will work in bidirectional mode rather than single directional mode. A power congestion may 
occur during the microgrid operation.Therefore,it should be handled and controlled accurately 
by adding an intelligent controller and communication link between the generation units and 
loads [40]–[43].  
 
2.6 General Architecture of Microgrids 
The microgrid is constructed from three main components which are micro-sources, loads, and 
managements system in addition to protection system. 
2.6.1 Microsources 
Distributed generator is an electric source that connects directly to the distribution network at 
a specific location or to the customer side to balance the demand energy of network. It is 
characterised by generation capacity ranging from kW to MW level and generation at 
distribution voltages (11kV or below). The ability to distribute generator that connects to the 
microgrid is relatively small compared to the conventional grid. Thus they are known as the 
micro source. Micro sources are classified according to the operating technologies of 
controllable generators, uncontrollable generators and storage devices. There are two basic 
classes of the micro source either DC sources such as fuel cell, PV, and battery storage or 
variable AC sources such as a microturbine, wind turbine and diesel generator. In both cases a 
power electronic device should interface the micro sources to the network to create an AC 
waveform of desired magnitude and phase; Table 2-1 shows the distributed generators 
classification. 
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Table 2-1: The distributed generator classification 
 
Distributed 
generator unit 
Primary sources 
Power 
electronic 
interface 
Power flow control 
1.  
Renewable 
energy units  
Photovoltaic 
DC/DC/AC 
converter 
Maximum power point tracking 
and DC link voltage controls 
(+P,+/-Q) 
Fixed speed Wind 
turbine 
Induction 
generator 
Stall or pitch control of turbine 
(+P,-Q) 
variable speed Wind 
turbine 
AC/DC/AC 
converter 
Turbine speed and DC link 
voltage control (+P,+/-Q) 
2.  
Non-
Renewable 
energy units 
Microturbine 
AC/DC/AC 
converter 
Turbine speed and DC link 
voltage control (+P,+/-Q) 
Combined heat and 
power 
Synchronous 
generator 
AVR and governor (+P,+/-Q) 
Small hydro 
Synchronous or 
induction 
generator 
AVR and governor (+P,+/-Q) 
Internal combustion 
engine 
Synchronous or 
induction 
generator 
AVR and governor (+P,+/-Q) 
Fuel cell 
DC/DC/AC 
converter 
Maximum power point tracking 
and DC link voltage controls 
(+P,+/-Q) 
3.  Storage units 
Flywheel 
AC/DC/AC 
converter 
Speed control (+/-P,+/-Q) 
Battery 
DC/DC/AC 
converter 
State of charge and output 
voltage/frequency control (+/-
P,+/-Q) 
Supercapacitor 
DC/DC/AC 
converter 
State of charge and output 
voltage/frequency control (+/-
P,+/-Q) 
Micro source controller is needed for each micro-source to ensure that autonomously regulate 
the output power and voltage of distributed generators to meet the dynamic requirement of the 
load. Micro sources can be added to the network immediately at load change based on local 
voltage and current measurements. The set point of the micro source controller can be 
independently chosen to regulate a power flow on a feeder, in addition to isolate or connect a 
microgrid to utility grid smoothly and autonomously. 
 
2.6.2 Load 
A load of microgrids is classified mainly to sensitive loads, such as medical equipment and 
computer servers and non-sensitive load. A sensitive load is a load that should always be 
supplied; the sensitive load feeder should have at least one micro source to maintain its demand 
whereas a non-sensitive load is a load that may be shut down if there is a disturbance on the 
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network. Normally a sensitive load consumes power from micro-sources of microgrid and 
utility grid. any disturbance occurs in the utility grid; the microgrid is isolated from utility grid 
by disconnecting point of common coupling in less than a cycle to minimise the disturbance in 
sensitive load. A microgrid is reconnected to the utility grid in case the sensitive demand 
exceeds the local generation of the microgrid.  
 
2.6.2.1 Load as resources 
Some loads can be classified as normal load or resource at the same time depending on the 
state of the network and the resources, such as electric vehicle resources 
 
2.6.3 Energy management 
The main purpose of the MG energy management is to ensure that the active and the reactive 
power of resources satisfy the demand of the MG with desired waveform characteristics 
(frequency, magnitude, phase angle, and power quality). The MG management is responsible 
for connecting or disconnecting the microsources to the MG or the MG to the utility grid for 
satisfying the interconnection requirements. The objective functions of the management 
minimise the operation cost, maximise the operation profit, maximise the operational efficiency 
of micro-sources, minimise the system emission, or/and minimise the energy losses. Broadly 
speaking, the MG management could be classified as centralised controller and decentralised 
controller. The key difference between the centralization and decentralisation controller greatly 
depends on the location of decision-making power. Constricted decision making responsibility 
on the high-level power management or dispersal decision making responsibility from a high 
level to functional level power management is the main difference between the centralization 
and decentralisation controller respectively. therefore, the centralization controller is more 
systematic, more formal communication exist, and slower than decentralisation controller [99].  
The architecture of the centralised controller includes distribution network operator (DNO) 
which contains distribution management operator (DMO) and market operator (MO), 
microgrid operator (MGO), charging station operator (CSO), Privet home operator (PHO), 
electric vehicle operator (EVO), microsource operator (MSO), and load operator (LO), in 
addition to the communication link between the operators. Figure 2-7 depicts the centralised 
control levels. A centralised control maintains the entire system. However, this controller could 
cause multiple communication problems that lead to several disturbances, which could block 
out the system as a whole. 
The decentralised controller enables all devices to control themselves independently when 
the congestion happens in the system due to bidirectional power flow or mismatch in the 
communication link between the devices. The construction of the microgrid could be small 
network or large network based on the nature of the load and operation. On the other hand,  
decentralisation controller is better for a large system than centralised controller [99]. 
Therefore, the decentralised controller is applied when the organisation of the system has full 
control over its management. The decentralised controller is aimed at achieving an operating 
point of micro sources and load as resources with their power electronic interference without 
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communication link. The decentralised controller could cause several problems since all 
decision are made at the MG; the MGO may lose the management of the system and affect the 
entire MG. Since there is no reference bus in the MG to achieve demand and supply balancing, 
it is not possible to set an optimisation function within the decentralised controller as all devices 
respond to any disturbance.  
Distribution 
management operator 
Microgrid 
operator-1
Micro-source 
operator_1
Distributed 
generator-1
Load operator_1
PCC operator
Charging station 
operator_1
Electric vehicle 
operator_1
Electric vehicle 
operator_N
Load-1
Electric 
vehicle-1
Microgrid 
operator-N
Electric 
vehicle-N
PCC
Micro-source 
operator_N
Distributed 
generator-N
Load operator_N Load-N
Distribution network operator
secondary controller
secondary controller
Primary controller
Market operator 
Electric vehicle 
operator_1
Electric vehicle 
operator_N
Electric 
vehicle-1
Electric 
vehicle-N
Charging station 
operator_N
 
Figure 2-7: The centralised controller levels 
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Achieving lowest cost, losses, emission, regulating the voltage and frequency of the MG, and 
balancing the generation and demand of the MG require a well-organised control system. The 
controller objective can be achieved by either centralised or decentralised controller through 
three layers.  
1- Primary controller which includes distribution network operator (DNO). 
2- First secondary controller which includes microgrid operator (MGO) 
3- Second secondary controller which includes charging station operator (CSO) and 
priviate home operator (PHO). 
4- Thired secondery controller which includes electric vehicle operator (EVO). 
5- Tertiary controller which includes local controller (LC) of micro source operator 
(MSO) and load operator (LO). 
The DNO is necessary to manage and control many microgrids connecting to the same 
distribution network. The MO and DMO are responsible for market and power management of 
microgrid respectively. MO and DMO within DNO belong to the main grid, which covers high 
priority of controller. The second level is divided into two parts; the first part is MGO which 
has higher priority than the second part which includes CSO and PHO and the third part which 
includes EVO. The third level of the management system is a LC to manage the power flow 
through or from the node depending on the nature of the connection either MSO for source 
node or LO for load node.  
Many researchers have studied microgrid optimisation using a different kind of resources. Most 
of them focused on minimum cost optimisation of resources. Furthermore, due to the 
complexity of the microgrid optimisation problem and because of the enormous economic 
benefits that could result from its improved solution, considerable attention is being devoted to 
the development of better optimisation algorithms and suitable modelling frameworks. The 
optimisation problem has either nonlinearity characteristics or some important features [100], 
such as demand side program and neglecting minimum up and down times.  
Metaheuristics and heuristics have been proposed to solve the power dispatch problem of the 
microgrids, such as genetic algorithms [101], [102], evolutionary algorithm [103], particle 
swarm optimization [104]–[106], Monte Carlo simulation [104], mesh adaptive direct search 
algorithm  [107], shuffled frog leaping algorithm [108], and tabu search algorithms [102], 
[109], [110]. According to the studies, microgrids can achieve high performance through:  
1- Multi-layer controller algorithms based on advanced algorithm accounting for system 
uncertainty. 
2- Deployment of demand response. 
3- Optimal use of micro sources to compensate the demand. 
4- Applying optimal instead of heuristic based approaches [111]–[114]. 
Most of the proposed approaches are either computationally intensive and not suitable for real-
time applications or can produce locally optimal solutions; further researchers tackled the 
microgrid optimisation problem by solving several mixed integer linear programming 
(MINLPs) [115]–[118]. Due to uncertainty and difficulty to predict the generation of renewable 
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energy, researchers used model predictive control (MPC) to tackle the optimisation problem of 
the microgrid [119]–[123]. The mathematical solves two optimisation equations for different 
operators in different execution time for hundreds of equipment. Generally, they are solved 
minutely in chronological execution way for electrical parts and could be in micro second for 
power electronic part 
The microgrid operation depends mainly on the power management between load demand and 
the energy sources. The energy flow inside the microgrid network equipped with a micro 
combined heat and power unit. The microgrid can also buy and sell electricity from/to the 
utility grid. The electricity could be stored in specific storage devices to compensate the 
connection and disconnection operation in addition to intermittency resources. Voltage and 
frequency should be constant at a particular value within a system to maintain the power quality 
of the microgrid network, in addition to the elimination of harmonics from power electronics 
device [26], [44], [45] to maintain harmonic quality. However, the distribution network in a 
microgrid, which is expected to be integrated with many controllable and uncontrolled 
microsources. Diesel generator (DG), micro turbine (MT), micro combined heat and power 
(CHP), and fuel cell (FC) are examples of controlled micro sources whereas uncontrolled micro 
sources that mainly depend on renewable energy sources, such as photovoltaic (PV) and wind 
turbine (WT). A system with many small distributed generators and variable demands are 
inherently a weak system, especially considering the effect of the renewable energy sources 
intermittency. Electrical power system security is the most important factor to ensure that the 
system is flexible enough to recover the supply and demand condition in emerging electricity 
markets. Voltage instability may happen which leads to fluctuation or change in the voltage 
profile at load buses due to reactive power flowing through a line. Voltage instability may 
cause failure in the system. Unbalanced voltage could be a further issue to microgrid due to 
most of the distributed generator connecting to microgrid through single phase converter [46], 
[124]. 
 
2.6.4 Protection system 
The protection devices should ensure that the microgrid and utility grid work in stable operation 
where any fault within microgrid should be dealt with internally whereas the microgrid should 
be disconnected and depend on its resources to balance the load when any fault occurs in utility 
grid [91][125]. Figure 2-8 shows a schematic diagram example of the microgrid. 
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Figure 2-8: Typical microgrid structure 
 
2.7 Operation of Electric Vehicles in Microgrids 
The research on integrated EVs on the power system dates back to the early1980s as a part of 
the green and sustainable society. The charging demand of the resources of the EVs tends to 
coincide with the total demand of the system. Therefore, rapidly increasing in the total demand 
of the network occurs that requires more electricity generation to balance the supply and total 
electrical demand of the network[126]. Mismatching between the supply and the electricity 
demand fluctuates the voltage and frequency level from the set point of the system leading to 
instability issue. On the other hand, the discharging the resources of the EVs or part of them 
could help the generation units to reduce the gap between the generation and loads to keep the 
network at stable operation range. 
The major change in the power system for an emission-free generation has taken initiatives to 
encourage the integration of renewable energy sources. However, the reliability of renewable 
energy sources not guaranteed because they are classified as intermittency sources where the 
generation cannot be predicted accurately. Therefore, the literature suggested a different 
solution cope with variability of renewable energies; one solution is using energy storage 
devices to cover the rest of the demand that renewable energy could not cover it [127]–[133]. 
The other solution is operating controllable generator as reserved [104], [134], [135]. Recently, 
using EV resources as mobile energy storage system is proposed [136]–[139]. Normally, the 
EV is treated as new plug and play load that is connected to the microgrid network to charge 
its resources. However, the resources of the connected EV could be used to discharge its power 
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to the network in case any disturbance happens and to accomplish renewable energy 
intermittency.  Ideally, there are many EVs that could be connected to the microgrid at 
disturbance situation. Therefore, the EV should be integrated in such a way with microgrid to 
manage easily and control the charging and discharging behaviour resources. Such control 
system is called energy demand management. Researchers have stated that unmanaged EV 
could increase energy losses, increase voltage drop of the line, fluctuate the voltage and 
frequency, and overload transformers and lines [140]–[144]. Moreover, the EV could be used 
as a microsource to discharge its power to microgrid at frequency regulation, voltage 
regulation, or active and reactive power compensation. Furthermore, energy demand 
management could help an owner of the EV to charge his/her vehicle at lower price rate. 
The EVs are classified according to fuel using entirely or partly electrical fuel. An electric 
vehicle system contains an energy storage system, power conversion system, an electric motor 
for propulsion, and a mechanical transmission, in addition to power control system. Moreover, 
EV might have an internal combustion engine in case of SoC of battery fade up  [58], [145].  
The main types of connected EVs to microgrid are either Plug-In Hybrid Electric Vehicle 
(PHEV) or Battery electric vehicle (BEV). In the PHEV, the petroleum synergies the battery 
to run the vehicle [58]. The battery could do charging at running mode based on the petroleum. 
In BEV, the vehicle depends totally on battery energy whereas the driving distance of this car 
depends directly on the battery size and capacity. The battery charging comes from the 
microgrid [58].   
Typically, researchers treat EVs as a load on the distribution system; PHEV and BEV are 
considered similar demand on the distribution network. However, they are different regarding 
their operational characteristics.  
There are many researchers have covered the subject of integrated EVs into power system in 
various ways. Some of the topics are listed below:   
The advantages of using EVs together with fixed storage systems for minimising operating cost 
and minimising harmful gas emission in commercial building are studied in [146], the study 
indicates that EVs can feed electricity in a high period of energy consumption to reduce the 
energy cost.  
[147], [148] focused on minimising the grid losses, and the total energy cost by using an 
optimal power flow to EV charging; they have concluded that EVs can have multiple impacts 
according to the considered objective. 
V2G was considered in [149] for developing an optimisation issue to distribute the load profile 
close to plane load curve. EVs are used as stored energy resources in [150], [151] with a 
microgrid system, they have concluded that the resources of EVs could be utilised in a V2G 
mode to support the microgrid network and create income for owners of the EVs. 
Improving the grid efficiency through the vehicle to grid interaction with high power factor, 
minimal current harmonic distortions, and less noise are the main targets for [152], [153]. [152] 
proposed a multilevel converter to achieve high efficiency and low THD to ensure proper 
operation of equipment and a longer equipment life span whereas [154] examined the best 
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optimisation for the grid during off-peak times of changing EVs. A spatial-temporal model to 
evaluate the impact of EVs on distribution network was developed in [155] 
[156], [157], which raised the stability issue for a grid with EVs integration. [156] proposed a 
set of characteristics equation to reduce the computational complexity whereas [157] proved 
the possibility of EVs to participate in the primary frequency control to gain a crucial role in 
the operation of the isolated system. A control strategy of EVs and battery energy storage 
station to provide regulation frequency coordinate with automatic generation control were 
studied in [158]. [159] paid attention to the vehicle to grid control participation in power factor 
correction of the power system. EVs integration based on the hierarchical model predictive 
control for a smart grid energy management system that provides load frequency control and 
an economical operation was proposed in [160].  
[161] showed a good performance in the implementation peak shaving strategy for EVs 
charging station and energy storage system in respect of distribution network. 
[162], [163] presented an experimental DC charging station methodology to verify design and 
performance of full EVs.  
[164] addressed the integration of a single phase charging devices issue for EVs and low 
voltage microgrid. The authors in [165] found that there are no major constraints in the 
integration of EVs with electricity network whereas the capacity is concerned. Furthermore, 
[166] presented a conceptual framework to integrate EVs into power system successfully. [167] 
investigated the contribution of EVs to integrate fluctuation of the renewable sources; the study 
used real-time prices as a control signal and detailed simulation of driving behaviour. 
Furthermore, [168] studied the control and optimisation the power consumption of residential 
load for EVs integration with existing photovoltaic system.  
In [169] the authors have focused on reducing power system cost at EVs charging scheme with 
maintaining reliability; the study considered the optimal EVs integration into the New York 
independent system. In [170] the authors have analysed the effect of different charging and a 
discharging mode of economic operation of the microgrid; it has presented a mathematical 
model for microgrid economic scheduling considering the integration of EVs. [171] studied 
the effect of ramp rate of photovoltaic converter output power whereas integrating EVs with 
the photovoltaic power system, the ramp rate is reduced with the EVs integration.  
Further study for integrated EVs and photovoltaic has been found in [172], it proposed a 
strategy to improve the predictability of photovoltaic power and reduce the forecast 
uncertainties by a collaborative working between EVs owners and photovoltaic participant.   
  EV charging as a linear optimisation issue which takes into account the anticipated and the 
present constraints on the distribution grid over a finite charging horizon.  
During a finite horizon, the anticipated present constraints are taken into account on the 
distribution grid and modelled as a linear optimisation problem for the charging EVs [141]. 
This approach in [141] has resulted in sustaining high percentages of EVs uptake for more 
efficient using of existing networks without any further upgrades.    
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The potential benefits of using EVs as distributed generator are taken into account on the 
microgrid to participate in demand side management [151]. This approach in [151] has resulted 
in operating EVs within microgrid which can reduce peak load and energy consumption. 
Therefore,  the electricity cost for users will reduce.in order to minimise the losses occurring 
in the existing EV system, [173] verified the efficiency of EV converter and the scheduling 
process through power flow analysis; the study dealt with an online EV system which utilised 
the dc power system for reducing loss and the size of the required battery capacity. 
For the analytical study, [174] has developed a static load model for the EV loads, the paper  
revealed the importance of incorporating this model into static voltage studies where 
integrating fast charging for EVs might significantly reduce the steady state voltage stability 
of the power grid.  
Large scale integration of EVs into the grid to find the optimal placement of charging station  
for objective of minimising the total transportation distance that is essential to the 
popularisation of EVs were focused on in [175]. Development a market participation policy for 
a load aggregator to manage the charging of EVs that plugged in at the same distribution feeder 
was discussed in [176]. It is  used dynamic programming to develop decision support algorithm 
and participation market policy for a load aggregator  
Design methodology for efficient EV charging based on renewable energy supply is the main 
research target of [177]. It is presented a result of allocating energy from renewable sources to 
EVs in a cost efficient manner using a stochastic optimal charging scheduling. A unified  
regulatory framework of electrical protection requirement and earthing arrangements that are 
applicable to feed EVs was presented in [178]. A distributed  EVs charging strategy based on 
prices of forecasting energy and photovoltaic output as a photovoltaic support policy was 
evaluated in [179]. This approach in [179] has resulted in fluctuations in real time price of the 
large scale application of proposed algorithms. Due to simulation the time series power 
consumption of EVs, a description an interactive mechanism between power system network 
and EVs in conjunction with a smart charging model are taken into account on [180]. It is 
proposed a smart charging framework that mimics charging trajectory to control system 
operation risk. a new stochastic model for EVs was developed in [181] to modify a 
probabilistically constrained load flow as an optimisation problem that considers Stochastics 
models of wind power generation. To reduce network losses and improve system voltages, 
[182] presented the use of battery energy storage system for facilitating the integration of EVs 
and photovoltaic cells based on probabilistic sizing and scheduling methodology for their 
system. To minimise the cost of EV charging, [183] performed a multi period optimisation 
based on utilising unbalanced distribution network load flow and rolling optimisation method. 
To mitigate the criticality of nodal stresses, [184] constrained on security enhancement of 
distribution network by a proposed a strategic methodology to integrate EVs into 
microgrids.[185] proposed a synergistic three level control between EVs and wind energy to 
mitigate the intermittent wind power generation. The implementation of the proposed control 
algorithm in [185] figured out that not just the EVs fully charged but also the grid frequency 
regulation is improved and The synergy operation is achieved substantial cost reduction. EVs 
with smart charging can contribute towards meeting holistic environmental goals as discussed 
in [186]. It is performed an examination of the effectiveness of EVs in supporting the 
achievement of CO2 reduction by increasing the integration of renewable resources into a grid. 
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On the other hand, it is examined the advantages and disadvantages of increasing generating 
of EVs and renewable capacity from requiring electrical demand. Finally, In order to improve the 
stability of the power system, [187] presented a real-time digital simulator model of aggregated 
EVs based on wide area controller structure to evaluate the impact of the bulk level charging 
and discharging transient of EVs to improve the stability of the power system. 
 
2.8 Electric Vehicles Charging Infrastructure 
Charging EV can be performed either on AC platform or DC platform. AC platform is more 
widely used than DC platform[188], [189]. The classification  of AC and DC platform depends 
on the converter location either online converter inside the vehicle or offline converter outside 
the vehicle. Both of them have to connect to the distribution network by supply equipment of 
EV which contains: socket outlet, plug in the outlet, secondary cable, EV connector, EV inlet, 
protection system, and demand side management as shown in Figure 2-10. 
Researchers classify the EV charging platform into private or business and ownership platform 
to cover the variety of owners of EVs requirement . The charging station can be offered either 
publicly or privately; the EV connects as a single vehicle in privet station or fleet of vehicles 
in a public station [190]. Figure 2-9 shows the hierarchy management structure of connecting 
EV to the microgrid 
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Figure 2-9: EV management structure 
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Figure 2-10: Electric vehicle connection platform 
 
2.9 Energy Storage Technologies 
Energy storages are devices that store electrical energy from the system at low demand time or 
low unit cost of generation. They discharge their energy to the network at high demand time or 
high unit cost of generation to participate actively with the distributed generator supply or to 
keep the system secure from any fluctuation in voltage or frequency [131], [191]. Since the 
energy is the daunting prospect of storage in shape, the energy converts to another shape such 
as kinetic, electrochemical, and electromagnetic energies. Energy storage could be classified 
into three kinds according to discharge and charge capacity; the long term is for many hours or 
days, the medium term for minutes or hours, and short term for seconds or minutes. Some 
examples of stored energy are: 
1- Pumped hydro and compressed air, which is long-term storage energy system. They 
store energy as kinetic energy.  
2- Fuel cells and batteries, which are medium term storage energy elements. They store 
energy as electrochemical energy. The battery is the essential part of the EV. It releases 
the energy to run the EV motor or to synergize the grid by discharging at low production 
time.  
3- Flywheel, super magnetic, and supercapacitors energy storages work as short term, 
flywheel stores energy as kinetic energy, super magnetic stores energy as 
electromagnetic energy, and supercapacitors stores energy as electrostatic energy [131]. 
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2.10 Power Electronic Interface 
The bidirectional converter has been optional for many applications in power system, such as 
EVs, and connection of storage system and renewable energy to the microgrid network. It is 
used to improve the system performance, reduce the cost, and enhance efficiency.  
The power flow from the network to the storage systems (batteries or capacitors) during the 
charging period. Storage systems should boost the power to the grid during fluctuation or 
instability period. Therefore, the bidirectional converter has been used to transfer power 
between sources. 
Most of the bidirectional converters are classified into voltage source or current source 
converter. It depends on the energy storage system as shown in Figure 2-11. Bi-directional 
energy flow is achieved by a unidirectional semiconductor switch such as MOSFET or IGBT 
connected in parallel with a diode. 
Bidirectional converters are also classified into non-isolated and isolated converters depending 
on the construction to employ for different applications.  
Bidirectional Dc-Dc 
converter
+
-
+
-
Forward power flow
V1>V2
Backward power flow
V1<V2
V1 V2
I1 I2
 
Figure 2-11: Bi-directional power flow 
 
2.10.1 Non-isolated converter: 
 This converter is constructed without a transformer. Usually, a buck-boost type is used. The 
buck converter is used to step the voltage down. Meanwhile, the boost converter is used to step 
the voltage up. The transformerless converter is considered to improve efficiency, cost, weight, 
and size for the high-power applications. Single phase or multi-phase is presented by the 
literature according to the power density application. The advantages of the multi-phase 
converter that is implemented by the device are low current stress, minimising inductance and 
capacitance on both sides of converter for acceptable voltage ripple, and increasing efficiency 
[192]–[200]. 
 
2.10.2 Isolated converter 
Many specifications have been achieved according to the power supply industrial applications 
such as isolation between supply and demand, high efficiency with low total harmonics, and 
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high power density to reduce the size and weight of the equipment. However,  these devices 
have many complexities to achieve a design feature and prevent electromagnetic interference 
[201], [202, Ch. 14].  
Isolated bi-directional DC-DC converter, which has been used through the last years by 
researchers, has a structure as shown in Figure 2-12. The converter works on both sides; the 
incoming DC voltage is converted to AC waveform then it is transferred to the secondary side 
through the transformer. The AC waveform is reconverted to the DC waveform again at a 
different step, which is the output of the converter [203], [204]. Even though the transformer 
can isolate two voltage sources, it works as impedance matching between them; nevertheless, 
it adds additional cost and losses.   
+
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+ 
VDCOUT
-
Primary 
converter
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converter
Isolation 
Transformer
 
Figure 2-12: Bi-directional topology 
 
Researchers after DeDoncker et.al [205], who patented first dual active bridge (DAB) 
converter,  have identified different topologies for the converter depending on the converter 
rating, such as the isolated converters of clamped Bi-directional flyback converter; current fed 
push-pull converter, and bridge converter (Half and full bridge) [206]–[211].  
 
2.10.3 Fly back converter: 
A researcher suggested connecting two converters back to back to make them work in the 
bidirectional mode [212]. MOS1 and MOS2 modulation achieve the bidirectional power flow.  
The flyback converter that has a simple topology with fewer components without any output 
filter supplies a different voltage level by multi-winding transformer [213]. However, the high 
peak current due to the discontinuous current through this circuit reduces the efficiency. The 
converter works without any filter. Therefore, the whole energy is stored in the huge 
transformer magnetisation winding and increases the switching rating for this circuit. Very low 
leakage inductance design requires transferring energy effectively through transformer [201], 
[214]. This converter is used for low power applications (less than 100 W) with the high output 
voltage. The converter is mostly used in discontinuous mode [202, Sec. 14.2.2] 
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2.10.4 Push-pull converter: 
The converter could be bidirectional by connecting a secondary converter to the secondary side 
of the transformer, which is called hybrid converter. This converter has different primary and 
secondary voltages [215].   
The voltage of primary winding swings between +Vs to –Vs during the complementary 
switching, the primary voltage is transferred to the output through the secondary transformer 
and diodes [201], [202, Sec. 14.2.4].   
The input current to the transformer, which has grown as a result of the non-ideal modulation 
signal, could be regulated by the inductor to prevent converter failure due to transformer core 
saturation as a result of overvoltage event. This saturation is called staircase [201], [216, Sec. 
2.2]. However, double input dc voltage should be blocked during each switching cycle. The 
high blocking voltage makes this converter too expensive. This converter is used in different 
low voltage applications (less than 400 V) and power levels such as power factor correction, 
inverter battery charger, supercapacitor connection, fuel cell connected to batteries and hybrid 
EV [217], [218].  
 
2.10.5 Bridge converter 
This converter is classified according to the number of legs to the half bridge (one leg) or full 
bridge converter (two legs for single phase bridge and three legs for three phase bridge). Each 
leg operates in complementary switch signal with small delay time to prevent working at the 
same time. Half-bridge converter is popular for the Isolated DC-DC converter.  
The main operation of this converter is to convert DC voltage to AC voltage using the first part 
(primary side of the transformer) and then to the DC voltage using another part (secondary side 
of the transformer). This configuration makes the converter work in bidirectional mode at the 
symmetry construction. Each part can work as a bidirectional power flow from AC to DC or 
vice versa [219], [220]. The current flow between these two parts can be limited by the 
inductor, which is connected to them.   
Half-bridge converter has less switching than full bridge converter. However, it needs a bulky 
capacitor to manage a large ripple current amount, which is produced on the AC side. This 
capacitor can also be used to reduce the oscillation in the power flow. This converter is used 
for low power application (less than 2 kW) with low voltage level (less than 400V) [202, Sec. 
14.2.5,14.2.6], [205], [216, Sec. 3.2]. The full bridge converter is more popular than half bridge 
converter because the current flow is distributed through more than one leg. Two legs and three 
legs converters have 180 and 120 phase shift between legs that help to reduce AC component 
for the power flow through the transformer.  
The more the legs, the smaller DC capacitor used, and the less transformed core material is 
used because the summation of flux is reduced due to the offset between legs. However, the 
switch modulation complexity increases and the thermal problem appears with the legs increase 
[221], [222]. Full bridge converter has more flexibility in power rating than others. Thus, the 
voltage level reaches up to 1KV with high power rating up to 50KW [223]. 
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The converter topology selection depends on the power rating. Fly back, and the push-pull 
converters are used for rated power up to 100 W and 2 KW respectively. Meanwhile, bridge 
converter is more appropriate for high power rating. Three phase full bridge converter has more 
complex construction and switching control than the two-phase full bridge converter. In 
addition, high cost and heat management are obtained due to the less transformer core. 
 
2.10.6 Multi-Level inverter topology 
The multi-level inverter is one of the solutions for high power and high voltage conversion 
system including a hybrid electric vehicle. The most attractive benefits of the multilevel 
inverter are generating an output voltage and drawing input current with low distortion in 
addition to operating with lower switching frequency [224].  There are many existing 
topologies for multi-level converter; the optimum solution has chosen the topology with less 
harmonic distortion, and less electromagnetic interface. A modified Cascade H-Bridge 
Converter has been chosen for this study, due to using a low number of components with 
separate DC resources. One of them is the battery that connects to the three-leg inverter (one 
leg for each phase) while the other is a supercapacitor that is connected in series to the battery 
through H-bridge cascade converter, as shown in Figure 2-13. The modified H-bridge cascade 
converter works with DC resources separately to be easily accommodated. This topology uses 
single battery bank and separated supercapacitors that connect in series with the battery for 
each phase. The supercapacitors work as an active filter. 
 
Figure 2-13: Three-phase H-bridge cascade multi-level convert 
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2.10.7 Other topologies 
Power factor correction converters or improved power quality converters are other topologies, 
which could be used to enhance power quality for a system in both sides; line and load. In 
addition, it provides a reduction of harmonic distortion, regulating dc voltage, and achieves 
higher efficiency. Even though, the sudden change of load or source voltage fluctuation occurs. 
These topologies could be classified according to the power transfer to the following: 
1-  AC-DC-DC using voltage source inverter, and a half or full wave bridge DC-DC 
converter. 
2- AC-AC-DC using cyclo-converter or matrix converter, and a half or full wave DC-DC 
converter [219], [220], [225].  
 
2.11 Dynamic Model for Bidirectional DC-DC Converter 
A dynamic model is a group of mathematical equations to study and describe the behaviour 
and the relationship between the output and the input of the system. The model is essential to 
achieve high-performance of the system. Researchers classified the behaviour of dynamic 
systems into two groups: state-space averaging technique model and fundamental power flow 
technique model. 
 
2.11.1 State space averaging technique 
This approximation technique is used widely by researchers. It depends on the time signal 
continuous separation frequency analysis from switching frequency analysis for high switching 
frequency. Even though the original system is linear, the resulting system from this conversion 
is nonlinear. This technique is usually taken to represent energy storage component, though 
each one contributes a system one state space variable [201], [202, Sec. 5.13]. The 
mathematical representation of nonlinear or linear a model lends itself to several interpretations 
which aim to deriving models which are practical for systematic control design, as shown in 
the following.  
 ?̇? = 𝐴(𝑥)𝑥 + 𝐵(𝑥)𝑢 2-1 
 𝑦 = 𝐶(𝑥)𝑥 + 𝐷(𝑥)𝑢 2-2 
 ?̇? = 𝐴(𝑥, 𝑝)𝑥 + 𝐵(𝑥, 𝑝)𝑢 2-3 
 𝑦 = 𝐶(𝑥. 𝑝)𝑥 + 𝐷(𝑥, 𝑝)𝑢 2-4 
 ?̇? = 𝐴𝑥 + 𝐵𝑢 2-5 
 𝑦 = 𝐶𝑥 + 𝐷𝑢 2-6 
 ?̇? = 𝐴(𝑝)𝑥 + 𝐵(𝑝)𝑢 2-7 
 𝑦 = 𝐶(𝑝)𝑥 + 𝐷(𝑝)𝑢 2-8 
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A taxonomy of dynamics models [226] is presented in Figure 2-14. The quasi-liner time-
varying (QLTV) represents the mathematical description of nonlinear dynamic model which 
classifies into either quasi-linear time-invariant (QLTI) as represented in equations 2-1 and 2-2 
or quasi-linear parameter-varying (QLPV) as represented in equations 2-3 and 2-4. On the other 
hand, the mathematical description of linear dynamic model is represented as a linear time 
varying which classifies into linear time-invariant (LTI) as in equations 2-5 and 2-6 or linear 
parameter varying (LPV) as represented in equations 2-7 and 2-8, where 𝑢 = 𝑢(𝑡),
𝑥(𝑡), 𝑎𝑛𝑑 𝑦(𝑡) ∈ 𝑅𝑚, 𝑅𝑛, 𝑎𝑛𝑑 𝑅𝑞 are the vector of inputs, the vector of the states, and the 
vector of outputs respectively and the 𝐴, 𝐵, 𝐶, 𝑎𝑛𝑑 𝐷 ∈ 𝑅𝑛×𝑛, 𝑅𝑛×𝑚, 𝑅𝑛×𝑞 , 𝑎𝑛𝑑 𝑅𝑛×𝑛 are 
matrices with constant real entries. The QLPV and LPV is special case of the QLTV and LTV 
respectively where the entries of matrices 𝐴, 𝐵, 𝐶, 𝑎𝑛𝑑 𝐷 are no longer constant as in the QLTI 
and LTI respectively [226]. 
                            
Figure 2-14: General dynamics of a model and their relationships  
The difficulty and uncertainty for state space technique lead to the unjustified derivation of a 
formula. For instance, there is more than one representation for the same model of de donker 
et al. and krismer et al. The first one derived first order equation to the isolated bi-directional 
dc-dc converter. Meanwhile, the second one derived fifth order equation [205], [227].  
 
2.11.2 Fundamental average technique model 
This technique depends on using a dynamic equation based on a fundamental power expression 
of a converter [212]. Each bridge for bidirectional converter represents a square voltage source 
(Vpri and Vsec). The inductor represents a link between them. It seems that the fundamental 
component of the square wave dominates, and the high order harmonic can be ignored. 
Therefore, it is possible to convert the square wave source into sinusoidal one. This 
approximation makes the system like two synchronous machines connected by a transmission 
line. The main expression of AC phase theory represented as follows: 
QLTV 
?̇? = 𝐴(𝑥, 𝑡)𝑥 + 𝐵(𝑥, 𝑡)𝑢 
QLTI 
?̇? = 𝐴(𝑥)𝑥 + 𝐵(𝑥)𝑢 
QLPV 
?̇? = 𝐴(𝑥, 𝑝)𝑥 + 𝐵(𝑥, 𝑝)𝑢 
LTI 
?̇? = 𝐴𝑥 + 𝐵𝑢 
LPV 
?̇? = 𝐴(𝑝)𝑥 + 𝐵(𝑝)𝑢 
LTV 
?̇? = 𝐴(𝑡)𝑥 + 𝐵(𝑡)𝑢 
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 𝑃𝐴𝐶 =
𝑉1𝑉2𝑠𝑖𝑛𝛿
𝜔𝐿
 
2-9 
The converter is assumed to be lossless and operated in steady state; it could be expressed as 
the output voltage in term of the static RMS value in the time domain expression as shown in 
the equations below: 
 𝑉1(𝑡) =
𝑉1𝑝𝑘(𝑡)
√2
sin (𝜔𝑡) 
2-10 
 𝑉2(𝑡) =
𝑉2𝑝𝑘(𝑡)
√2
sin (𝜔𝑡 + 𝛿) 
2-11 
 𝑃𝐷𝐶(𝑡) =
𝑉1(𝑡)𝑉2(𝑡)𝑠𝑖𝑛𝛿
𝜔𝐿
 
2-12 
 𝑃𝐷𝐶(𝑡) = 𝑉𝑜𝑢𝑡(𝑡)𝑉𝑖𝑛(𝑡) 
2-13 
 ∴ 𝑖𝑜𝑢𝑡(𝑡) =
√2𝑉1(𝑡)𝑠𝑖𝑛𝛿
𝜔𝐿
 
2-14 
 
2.12 Modulation 
Various techniques for trigger modulation are proposed in the literature, such as PWM and 
PSSW [201], [202, Ch. 6], [228, Sec. 5.5]. 
 
2.12.1 Pulse width modulation technique 
Many kinds of literature used several types of pulse width modulation techniques for bridge 
converter modulation to improve the output of the converter such as power factor correction or 
low harmonic generation. Hysteresis-band PWM control, synchronised carrier modulation, 
sinusoidal PWM, and space vector PWM are developed throughout the literature. These 
techniques mainly depend on the comparison between high-frequency triangular waveform 
with fundamental low-frequency waveform signal; they generate a train of pulses for high-
frequency narrow pulses variation in either duty cycle or time range. 
In principle, all modulation schemes aim to create the same fundamental volt-second average 
trains of switched pulses as a target reference waveform at any instant. Identifying which 
switch on times to great the desired output voltage or current is a primary objective of any 
PWM scheme whereas determining the effective way of arranging the switching process to 
minimise the waveform ripple, harmonic effects, the switching losses are classified as the 
secondary objective of the any PWM scheme. Many researchers have been published wealth 
material relating to PWM to find useful converter switch ON times based on switching devices 
at the point of intersection of the reference and the carrier interval. For an instant, the difference 
between the naturally sampled PWM and the regular sampled PWM for fixed frequency 
modulation systems are the switching activated either at the intersection of a high-frequency 
carrier and a target reference waveform or a regularly sampled reference waveform.  
Researchers stated various development of the PWM for fixed frequency open loop PWM 
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based on switch pulse width determination, switched pulse position within a carrier interval, 
and switched pulse sequence within and across carrier intervals [229, Sec. 3.1].  
Hysteresis band and synchronised carrier PWM depend on the variable time range technique. 
Meanwhile, SPWM and SVPWM techniques rely on the variation of the duty cycle [201], [202, 
Sec. 6.8], [228, Sec. 5.5].  
Over multi advantages of PWM, the SPWM and SVPWM switching modulation strategy have 
been commonly implemented in power electronic applications. The SVPWM generates a 
reference waveform based on the transition between predefined actives and zeroes switching 
digital states at different switching period for every switching states rotated in a hexagon 
diagram as shown in two level hexagon diagram of Figure 2-15. The reference voltage of the 
SVPWM and the reference of each section can be determined by.  
 𝑉𝑟𝑒𝑓⃗⃗ ⃗⃗ ⃗⃗  ⃗=
2
3
(𝑉𝑎𝑒
𝐽0 + 𝑉𝑏𝑒
𝐽2𝜋 3⁄ + 𝑉𝑐𝑒
𝐽4𝜋 33⁄ ) 
2-15 
 𝑉𝑘⃗⃗⃗⃗ =
2
3
(𝑉𝑑𝑐𝑒
𝐽(𝑘−1)𝜋 3⁄ ) 𝑤ℎ𝑒𝑟𝑒 𝑘 = 1, 2, 3, 4, 5, 𝑎𝑛𝑑 6 
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On the other hand, the SPWM generates a reference waveform based on a comparison between 
the triangle carrier waveform with a sinusoidal waveform of required fundamental frequency 
whereas the relative levels of the two signals determine pulse widths at angular reference 
position to switch devices of the converter as shown in Figure 2-16. The SVPWM generates 
less harmonic distortion with proper switching pattern selection, less switching power losses 
due to a suitable number of switching, and more DC bus utilisation than SPWM. Therefore, 
many researchers prefer using SVPWM technique according to significant merits of it over its 
counterparts in terms of easy implementation, maximum transfer ratio and high performance 
[230]–[238]  
 
Figure 2-15: Two level rotating reference vector switching states of SVPWM 
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Figure 2-16: Two level carrier based SPWM [239] 
 
2.12.2 Phase shifted square wave (PSSW) 
This modulation depends on generating pulses with fixed width. The output for this modulation 
is either two steps or three steps depending on the phase shift between the two switching 
modulations. This technique works with high-frequency modulation. Therefore only high-
frequency harmonic appears on the output voltage [240], [241].  
 
2.13 Control Strategies 
This part of the literature review is related to work that has done in chapter six relating to 
control the proposed inverter to control charging and discharging multiple energy resources of 
EV whereas there is different model applied to operate the EVs and each mode has different 
parameters of the controller. Therefore, this section presents the other researchers work and 
highlight the proposed strategy to control the inverter. 
2.13.1 Current controller 
The purpose of the current controller is to tackle the output current for the converter to compact 
the reference current with specific characteristics such as: 
 Generate the reference waveform minimum error. 
 Maintain the harmonic distortion as low as possible, and  
 Provide a waveform with acceptable transient performance.  
The popular current control methods for the converter are: 
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2.13.1.1 Linear regulation controller 
This kind of controller depends mainly on PWM techniques; it tackles the current, using a PI 
controller. The general scheme is shown in Figure 2-17. This controller operates on constant 
switching frequency. However, PI controller has some difficulty in tackling a steady state error 
for the reference. Therefore, the noise is still affecting the current signal. In addition to the 
system could be slow to get the set point and perturbation response [242], [243], [244, p. 35,36].   
 
Figure 2-17: Carriers based linear regulation control method 
 
2.13.1.2 Hysteresis controller 
The error, which is the difference between reference and output current in this approach, is 
controlled in hysteresis loop (upper and lower limit). The general scheme is shown in 
Figure 2-18. During the switching on and off according to the hysteresis limit, the ripple 
appears on the output waveform due to the variation of the switching signal in addition to 
increasing THD and switching losses. Some researchers suggested a three-level hysteresis 
control minimise these losses. Nevertheless, acceptable transient performance could be 
achieved by this method with less real time calculation [201], [244, p. 37], [245]. 
 
Figure 2-18: Hysteresis control method (Bang-Bang control strategy) 
 
2.13.1.3 Peak current controller 
This kind of controller is popular with a DC-DC converter which works with a constant 
switching frequency. The general scheme is shown in Figure 2-19. The principle depends on 
comparing a slope inductor current with a certain reference value that makes the switch turn-
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on until the error between the reference and inductor current reaches zero. This method could 
be unstable at a certain time, especially if the duty ratio exceeds 0.5. Therefore triangular signal 
subtracted from the reference signal is to increase the stability of the controller in addition to 
eliminating sub-harmonic oscillations [244], [246], [247].  
 
 Figure 2-19: Peak current control method 
 
2.13.1.4 Proportional resonant current controller 
This controller is common in the DC-DC controller rather than DC-AC because the steady state 
error harmonic and noise appear in the output sinusoidal current signal. The general scheme is 
shown in Figure 2-20 [248]. It is revealed that some difficulty exists in implementing this 
controller on the inverter (DC-AC) because the quality factor cannot be achieved. This 
controller produces infinity gain which gives infinite quality factor [244, Sec. 2.4.4], [249, Sec. 
1.2.7]. 
+ -Ki
Kp
input
ω0
2
Output+
+
1/s
1/s× 
 
                  Figure 2-20: Proportional resonant current control method 
 
2.13.2 Synchronous rotating frame controller 
This method is popular in the three-phase inverter. The basic principle depends on transforming 
three phase waveforms on the stator winding (a, b, and c axis time variant) into two phase 
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stationary axis on the rotor winding (d, and q axis time invariant). The vector transformations 
and general control scheme are shown in Figure 2-21 and  
Figure 2-22 respectively. The transformation depends mainly on the reference frame. They are 
implementing the Park’s transformation or Clarke’s transformation which are mathematical 
tools used in transforming a, b, and c in the stationary frame to the alpha and beta in the 
stationary orthogonal axis frame then to d and q axis in the rotor axis frame relative to the 
angular position or vice versa [244, Ch. 4], [250], [251, Ch. 3]. The  Clark’s transformation, 
which is an equation to convert the three phase components to 𝛼 and 𝛽 components, and the 
Park’s transformation, which is an equation to convert the stationary 𝛼 and 𝛽 components to 
rotating 𝑑 and 𝑞 components, can be calculated by. 
 [
𝑋𝛼
𝑋𝛽
] = [
1 −1 2⁄
−1
2⁄
0 √3 2
⁄ −√3
2
⁄
] [
𝑈
𝑉
𝑊
] 2-17 
 [
𝑋𝑑
𝑋𝑞
] = [
𝑐𝑜𝑠(𝑤𝑡) 𝑠𝑖𝑛(𝑤𝑡)
−𝑠𝑖𝑛(𝑤𝑡) 𝑐𝑜𝑠(𝑤𝑡)
] [
𝑋𝛼
𝑋𝛽
] 2-18 
The Synchronous rotating frame controller makes the proportional resonant controller suitable 
to be implemented on the three-phase system because the PI controller can tackle the steady 
state and phase errors for the time-invariant signal. Some researchers apply the PI controller 
with the stationary reference frame; others apply fuzzy controller; the transfer function for PI 
controller is defined as [244, Sec. 4.4], [252]–[254]: 
 𝐺𝑃−𝑅
𝛼𝛽
(𝑠) = [
𝐾𝑝 +𝐾𝑖 ×
𝑠
𝑠2 + 𝜔2
0
0 𝐾𝑝 + 𝐾𝑖 ×
𝑠
𝑠2 +𝜔2
] 2-19 
 𝐺𝐻𝐶(𝑠) = ∑ 𝐾𝑖 ×
𝑠
𝑠2 + (𝜔 × ℎ)2
ℎ=3,5,7,…
 2-20 
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Figure 2-21: Vector transformations 
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Figure 2-22: Synchronous rotating frame control method 
2.13.3 Rotating reference frame controller 
This approach depends on transferring the voltage and current measurement for the three-phase 
system into two orthogonal stationary components (α-β) via Clark’s transformation then 
transferring it again to the two synchronous rotating frame components (d-q) via Park’s 
transformation. The d-q frame rotates synchronously with the grid frequency. The general 
scheme is shown in Figure 2-23.  
The main advantage for this transformation is in producing time-invariant variables. The 
controller based on this transformation has a fast dynamic response in minimising steady state 
and phase error.  
By using this controller, it is possible to control the voltage and frequency separately by 
changing amplitude and phase signal. Flexibility in tuning PI controller with the transfer 
function is shown as 
 𝐺𝑃𝐼
𝑑𝑞(𝑠) = [
𝐾𝑝𝑖 +
𝐾𝑖𝑖
𝑠
0
0 𝐾𝑝𝑗 +
𝐾𝑖𝑗
𝑠
] 2-21 
This method has facilitated the use of controllers in the DC-DC converter [253], [255]. 
 
Figure 2-23: Rotating reference frame control method 
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2.13.4 Synchronverter control technique 
This control depends mainly on the synchronous generator theory, which is divided into two 
parts: power part and electronics part, as shown in Figure 2-25 (A and B respectively) whereas 
Figure 2-24 shows the structure of idealised three phase synchronous generator [256]. The 
power section includes the inverter, filters, and a circuit breaker, which connects the converter 
to the grid. Meanwhile, the electronic part depends on round rotor synchronous generator 
theory as shown in the following:  
 [
∅𝑎
∅𝑏
∅𝑐
] = 𝐿𝑠 [
𝑖𝑎
𝑖𝑏
𝑖𝑐
] + 𝑀𝑓𝑖𝑓
[
 
 
 
 
cos (𝜃)
cos (𝜃 −
2𝜋
3
)
cos (𝜃 −
4𝜋
3 ]
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 ∅𝑓 = 𝐿𝑓𝑖𝑓 +𝑀𝑓
[
 
 
 
 
𝑖𝑎 × cos (𝜃)
𝑖𝑏 × cos (𝜃 −
2𝜋
3
)
𝑖𝑐 × cos (𝜃 −
4𝜋
3 ]
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 [
𝑉𝑎
𝑉𝑏
𝑉𝑐
] = −𝑅𝑠 [
𝑖𝑎
𝑖𝑏
𝑖𝑐
] − 𝐿𝑠
𝑑
𝑑𝑡
[
𝑖𝑎
𝑖𝑏
𝑖𝑐
] + [
𝑒𝑎
𝑒𝑏
𝑒𝑐
] 2-24 
 [
𝑒𝑎
𝑒𝑏
𝑒𝑐
] = 𝑀𝑓𝑖𝑓?̇?
[
 
 
 
 
sin (𝜃)
sin (𝜃 −
2𝜋
3
)
sin (𝜃 −
4𝜋
3 ]
 
 
 
 
− 𝑀𝑓
𝑑𝑖𝑓
𝑑𝑡
[
 
 
 
 
cos (𝜃)
cos (𝜃 −
2𝜋
3
)
cos (𝜃 −
4𝜋
3
)]
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 ?̈? =
1
𝐽
(𝑇𝑚 − 𝑇𝑒 − 𝐷𝑝𝜃𝑔)̇  
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 [
𝑃𝑎
𝑃𝑏
𝑃𝑐
] = ?̇?𝑀𝑓𝑖𝑓 [
𝑖𝑎
𝑖𝑏
𝑖𝑐
]
[
 
 
 
 
sin (𝜃)
sin (𝜃 −
2𝜋
3
)
sin (𝜃 −
4𝜋
3 ]
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  [
𝑄𝑎
𝑄𝑏
𝑄𝑐
] = −?̇?𝑀𝑓𝑖𝑓 [
𝑖𝑎
𝑖𝑏
𝑖𝑐
]
[
 
 
 
 
cos (𝜃)
cos (𝜃 −
2𝜋
3
)
cos (𝜃 −
4𝜋
3 ]
 
 
 
 
 2-28 
 𝑇𝑒 =
𝑃
?̇?
 
2-29 
 
The synchronous machine contains two parts separated by an air gap. The outer part is the 
stator which contains three windings distributed on the three axes A, B, and C. There is a spatial 
displacement of 120 degrees between each two adjacent windings. The winding has resistance 
(R), self-inductance (L), and mutual inductance (M). The inner part is the rotor, which has 
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direct and quadrature axes. The rotor has a DC field winding on the direct axis. The field 
winding has a resistance (𝑅𝑓), self-inductance (𝑙𝑓), and mutual inductance (𝑀𝑓) [256], [257].  
Synchronverter control technique that mimics synchronous generator has two parts; active 
power and reactive power control depending on the equation of synchronous generator which 
is a core for the Synchronverter technique. The active power is controlled by frequency droop 
control loop while the reactive power is controlled by voltage droop control loop as shown in 
Figure 2-25.   
The frequency control droop loop works by comparing angular velocity (?̇?) with the angular 
reference frequency, which is normally equal to the nominal angular frequency of the system. 
It is multiplied by mechanical and frequency droop coefficient (𝐷𝑝), then comparing the 
difference with mechanical torque (𝑇𝑒). The phase angle (𝜃) is created from multiplying 
angular velocity (?̇?) by the time. The voltage droop controller loop works similar as the 
frequency controller droop loop. The field excitation is regulated to the control signal (Q) using 
the droop coefficient (𝐷𝑝) [257]. 
 
Figure 2-24: Idealised three phase synchronous generator [256] 
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Figure 2-25: Synchronverter control scheme 
2.13.5 Grid connected converters controller 
The grid-connected converter control depends mainly on the control of DC voltage system and 
AC voltage system. AC system operation is classified into a connected mode or stand-alone 
mode. DC voltage could control the voltage variation during power fluctuation through two 
loops, an outer voltage loop and an inner current loop. The purpose of the outer loop is to 
achieve better regulation and stability while the purpose of the inner control loop is to achieve 
short settling time [258], [259, Sec. 9.3.2].  
Grid controller can be classified into two types; scalar controller and vector controller. Both 
have advantages and disadvantages. The scalar controller is cheap well implemented, and 
simple. However, it is not applicable for controlling dynamic behaviour of the system because 
the scalar controller controls the magnitude of voltages and frequency instead of controlling 
the phase and magnitude of currents. On the other hand, the vector controller is better than the 
scalar controller due to accurate measurement, less steady state error, high performance, and 
stable control technique. However, the vector controller implementation is complex. [260]  
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2.13.5.1 Scalar control 
The scalar control is described in Figure 2-26. This control has two layers which are an inner 
loop and outer loop. The inner loop is a current loop. Meanwhile, the outer loop is voltage loop. 
The outer loop provides a reference current to the inner current loop. The reference current 
comes from the DC voltage control and sinusoidal three-phase voltage waveform. Three 
individual current controllers are used to control the difference between the references and the 
measured current to feed a signal to the switching modulator (PWM). This control does not 
need delay time that improves the speed response of the system. The application is 
straightforward in using this method, which can be utilised in an analogue mode. However, 
constant change reference value is tackled due to inherent error [261], [262]. 
 
Figure 2-26: Scalar control scheme 
 
2.13.5.2 Vector control 
The vector control is described in Figure 2-27. Vector control is an enhancement of the 
characteristics of scalar control. This control depends mainly on the transformation between 
rotating a, b, and c reference frame to stationary d and q. The d and q axes can be referred to 
the active and reactive measurements respectively.  
The voltage controller output, which is a comparison between the DC voltage and a reference 
voltage, is a direct reference current. Meanwhile, quadrature reference current comes from the 
point common coupling voltage controller, which is a control for a comparator between grid 
voltage and the reference voltage.  
The result of the comparator between reference current and transformation grid current provide 
a signal to the switching modulation (PWM) through current controller after returning the 
signal to the rotating a, b, and c reference frame. This system is more complex than scalar 
control. However, this control is adequate to control active and reactive power and remove the 
steady state error [258], [263]–[265].   
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Figure 2-27: Vector control scheme 
 
2.13.6 Droop controller 
The power, which flows in a steady state network operation, is described in Figure 2-28 (A and 
B respectively) and can be calculated by. 
 𝑃 + 𝑗𝑄 = 𝐸𝐼∗ = 𝐸(
𝐸 − 𝑉∠𝛿
𝑍∠ − 𝜃
) 
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 𝑃 + 𝑗𝑄 = [
𝐸2
𝑍
𝑐𝑜𝑠𝜃 −
𝐸𝑉
𝑍
cos(𝜃 + 𝛿)] + 𝑗[
𝐸2
𝑍
𝑠𝑖𝑛𝜃 −
𝐸𝑉
𝑍
sin(𝜃 + 𝛿)] 
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 𝑍∠𝜃 = 𝑅 + 𝑗𝑋 2-32 
𝑃 + 𝑗𝑄 =
𝐸
𝑅2 + 𝑋2
{[𝑅(𝐸 − 𝑉𝑐𝑜𝑠𝛿) + 𝑋𝑉𝑠𝑖𝑛∅] − [𝑅𝑉𝑠𝑖𝑛∅ + 𝑋(𝐸 − 𝑉𝑐𝑜𝑠∅)]} 
2-33 
Assume that 𝑋 ≫ 𝑅, and 𝛿 is very small. Then R may be neglected and 𝑠𝑖𝑛𝛿 = 𝛿; 𝑐𝑜𝑠𝛿 = 1, 
therefore:    
 𝛿 ≅
𝑋𝑃
𝐸𝑉
 
2-34 
 𝐸 − 𝑉 ≅
𝑋𝑄
𝐸
 
2-35 
From the above equation, it is obvious that the power angle and voltage difference depend 
mainly on the active and reactive power respectively. The frequency and voltage of the grid 
could be controlled by adjusting the real power and the reactive power respectively, as shown 
in the following: 
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 𝑓 − 𝑓𝑜 = −𝐾𝑝(𝑃 − 𝑃𝑜) 
2-36 
 𝐸 − 𝐸𝑜 = −𝐾𝑞(𝑄 − 𝑄𝑜) 
2-37 
The droop control characteristics for these equations are shown in Figure 2-29 [244, p. 198], 
[266]–[268]. 
In low voltage cable, grid R is no longer neglected while X could be overlooked. In this case, 
active power and reactive power could be affected by the voltage and frequency respectively. 
R and X are represented in the mathematical model then active and reactive power could be 
modified by using transformation matrix and can be determined by[269]. 
 [
?̅?
?̅?
] = 𝑇 ⌈
𝑃
𝑄
⌉ = [
𝑠𝑖𝑛𝜃 −𝑐𝑜𝑠𝜃
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
] [
𝑃
𝑄
] = [
𝑋
𝑍
−
𝑅
𝑍
𝑅
𝑍
𝑋
𝑍
] [
𝑃
𝑄
] 2-38 
Using Equations 2-34 and 2-35 
 𝑠𝑖𝑛𝛿 =
𝑍?̅?
𝐸𝑉
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 𝐸 − 𝑉𝑐𝑜𝑠𝛿 =
𝑍?̅?
𝐸
 
2-40 
The control regulation for frequency and voltage can be calculated by 
 𝑓 − 𝑓𝑜 = −𝑘𝑝(?̅? − 𝑃?̅?) = −𝑘𝑝
𝑋
𝑍
(𝑃 − 𝑃𝑜) + 𝑘𝑝
𝑅
𝑍
(𝑄 − 𝑄𝑜) 
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 𝐸 − 𝐸𝑜 = −𝑘𝑞(?̅? − 𝑄𝑜̅̅̅̅ ) = −𝑘𝑞
𝑅
𝑍
(𝑃 − 𝑃𝑜) − 𝑘𝑞
𝑋
𝑍
(𝑄 − 𝑄𝑜) 
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A – Single line diagram                      B – phasor diagram 
Figure 2-28: Transmission line power flow 
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Figure 2-29: Droop characteristic for generator 
 
2.14 System Architecture for Multiple Energy Storage Systems 
Researchers proposed many topologies for hybridization of battery and supercapacitor 
resources. The most common one is a passive hybrid topology as shown in Figure 2-30. The 
resources in passive hybrid topology are connected in parallel directly to the dc link.  The 
advantages of this topology are the simplicity and the lack of power electronics and control 
circuitry, and in reducing the overall energy and power density. The disadvantage is the 
uncontrolled current flow. 
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(Supercapacitor) 
Power Management 
System 
Vdc link Load
 
Figure 2-30: Passive hybrid topology 
Parallel semi-active hybrid topology improves the characteristics of passive hybrid topology 
by adding bi-directional converter between the DC link and the load as shown in Figure 2-31. 
However, the battery in such system still needs to supply part of the dynamic power of the load. 
Type_1 Energy system 
(Battery)
Type_2 Energy system 
(Supercapacitor) 
Power Management 
System 
Vdc link Load
DC
DC
 
Figure 2-31: Parallel semi-active hybrid topology 
Capacitor semi-active hybrid topology allows decoupling between supercapacitor and DC link 
by DC/DC converter as shown in Figure 2-32.Thus, the impact of supercapacitor energy is 
improved. However, the battery still provides some dynamic power of the load. 
𝑃𝑜 𝑃 
𝐾𝑝 𝑓 
𝑓𝑜 
𝑄𝑜 𝑄 
𝐾𝑞 𝐸 
𝐸𝑜 
Chapter Two: Literature Review 77 
 
Type_1 Energy system 
(Battery)
Type_2 Energy system 
(Supercapacitor) 
Power Management 
System 
Vdc link Load
DC
DC
 
Figure 2-32: Capacitor semi-active hybrid topology 
Battery semi-active hybrid topology has significant improvement of the battery performance 
regarding efficiency, temperature and lifetime, where the DC/DC converter is connected to the 
battery with DC link side, as shown in Figure 2-33.This topology also reduces battery rated 
requirement and weight. 
Type_1 Energy system 
(Battery)
Type_2 Energy system 
(Supercapacitor) 
Power Management 
System 
Vdc link Load
DC
DC
 
Figure 2-33: Battery semi-active hybrid topology 
A further enhancement is proposed in series active hybrid topology, as shown in Figure 2-34, 
in addition to the advantage of battery semi-active hybrid topology; it solved the supercapacitor 
voltage variation. However, there are two conversions for battery voltage to DC link 
connection. Thus, the efficiency is reduced, and full rating of the converter is increased. 
Type_1 Energy system 
(Battery)
Type_2 Energy system 
(Supercapacitor) 
Power Management 
System 
Vdc link Load
DC
DC
DC
DC
 
Figure 2-34: Series active hybrid topology 
Parallel Active Hybrid topology is the most optimal active hybrid which has been used by 
researchers. It buffers both battery and supercapacitor from DC link by connecting DC/DC 
converter, as shown in Figure 2-35. Therefore, it enhances the voltage variation of battery and 
supercapacitor with a dc link, limiting the dynamic power effect of battery, and limited current 
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flow from battery and supercapacitor. However, adding two DC/DC converters for each 
resource increases the complexity control effort and losses of the system. 
Type_1 Energy system 
(Battery)
Type_2 Energy system 
(Supercapacitor) 
Power Management 
System 
Vdc link Load
DC
DC
DC
DC
 
Figure 2-35: Parallel Active Hybrid topology 
 
2.15 Conclusion 
This chapter presents the available kinds of literature involving in microgrid and EVs 
technologies. It is predicted that increasing the electrification of the transportation system and 
renewable energy resources will change the structure of the electric system from the traditional 
power system into a smart grid. The area of smart, grid, microgrid, and EVs domain is relatively 
new and encompasses several different disciplines.  At present, microgrids and EVs within the 
smart grid paradigm are becoming very popular; therefore, there are very active researchers 
working on new technologies to change the infrastructure of the grid from passive to active and 
reduce carbon dioxide emissions.  Since the largest microgrid problem is maintaining the 
stability of the system with low inertia and intermittency of micro sources, the widely-accepted 
solution is to use EVs’ resources to keep voltage stability, in the short term, of voltage stability 
oscillation. Extensive deployment of the integration of EVs into microgrids will impose many 
challenges to the operation and management charging demand of EVs and will assist in 
avoiding the stability issue. Furthermore, EVs are expected to represent a load at microgrids in 
forthcoming years. Therefore, the charging demand of the EVs may tend to coincide with the 
maximum demand of the network. This work proposes the chronological structure of the tri-
level hierarchical management operation to form a modular power management 
implementation structure: MGO, CSO, and EVO. The proposed system contributes mainly to 
resolve the rapidly increasing demand on the power system and to the reduction of greenhouse 
gas emissions.  
Primarily, the challenges in the autonomous power system represent managing and control 
many elements distributed in wide area geographically that have different dynamic response. 
On the other hand, The EVs are expected to connect to the various locations of electricity 
outlets at different times of day to work as a mobile load or energy storage system. The 
challenges in the operating EVs within microgrid, having multiple energy resources, represent 
managing the charging and discharging variety brand EVs by plugging in at a different location 
at a different time of a day with unspecific number among many charging station systems. 
Moreover, EVs are enabling further expansion of renewable energy resources to feed power 
into the microgrid.  
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3.1 Introduction 
The previous chapter described the benefits of a restructuring of the distribution network to use 
the microgrid operation more efficiently for finding a solution to rapidly increasing demand 
and environmental awareness. However, technically modifying the existing distribution 
network to a microgrid network indicates many challenges. This chapter presents the 
development of reconstructing a realistic distribution network in a Baghdad community to use 
it as a microgrid network from the view of:   
 allocating distributed generators on the buses of the distribution network.  
 the size of the microgrid, based on the load type, to integrate the point of common 
coupling for connecting to or isolating the microgrid from other microgrids or with the 
conventional grid. 
 determining the effect of the microgrid operation on the voltage stability level of the 
system for different operation, such as the conventional grid, smart grid, and microgrid,  
 identifying the useful bus on the microgrid to install a charging station system for 
charging and discharging a fleet of EVs from the view of voltage stability enhancement.  
 identifying a set of mathematical equations to integrate the resources of the EVs within 
the distribution feeder of the microgrid at connection buses to count EVs as part of the 
distribution network for load flow analysis purposes. 
This chapter paves the way for the following chapters to design a modular structure framework 
to manage and control the operation of the microgrid in a chronological execution. Therefore, 
the size and location of the distributed generators, the location of the charging station systems, 
and the mathematical equation for integrating the EVs within the distribution line of the 
microgrid of the case study for this chapter will be applied in the next three chapters.  
  
3.2 Description of Voltage Stability Issue 
Traditionally, loss of voltage stability occurs in the case of imbalance between delivered and 
consumed reactive power in the electric power system; this refers to the voltage magnitude of 
the power system declining to an unacceptably low level. The utility grid covers a large area 
and uses bulk power generators and long transmission lines compared to microgrids. In contrast 
to the transmission line of the utility grid, low voltage cables in the microgrid network have 
mainly a resistive and reactance nature. Therefore, adjusting active power affects the voltage 
magnitude, whereas active power injection could maintain the voltage stability in a microgrid, 
as well as reactive power injection. There are many reasons for believing that the voltage 
stability issue in a microgrid is of more concern than in a utility grid [50]. Microsources, storage 
devices, network parameters, nature of the load, bidirectional power flow, control topology, 
the communication link between devices parameters could all cause a fluctuation in voltage 
stability, especially in islanding mode and needs a deep study to make the microgrid work 
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autonomously and robustly. The main source to recover the voltage stability of a microgrid is 
an energy storage system that could provide missing active or reactive power in order to 
balance the consumption and maintain the voltage level of the network. The uptake of the EV 
market is set to create a considerable amount of loads for the electrical power distribution 
network in the near future. In general, the EVs will be connected at various locations of the 
electricity network and at different times of day for the recharging of their batteries. The 
charging demands of EVs may tend to coincide with the peak demands of the power distribution 
network adding extra burdens to the generation capacity. On the other hand, the incorporation 
of microgrids within the existing distribution network not only enables the penetration of 
renewable energy resources but also allows EVs to be connected as mobile energy storage 
systems.  The EVs may be considered from the view of the distribution network as either load 
that is drawing current from the microgrid network, or generation units that inject power into 
the microgrid network. 
Recent developments that are key to extending the lifetime and increasing the efficiency of a 
mobile storage device have focused on the hybridization of the supercapacitors and batteries. 
The complementary properties of the supercapacitor as a peak power resource and the battery 
as a base power resource can be fully exploited to enhance the EV performance further, due to 
the growth in advanced intelligent controller technology. When the EV is connected to the 
electrical network, the supercapacitor would then become an additional resource of reactive 
power or voltage regulation of the network. Some studies have suggested that aggregating and 
coordinating the supercapacitors and batteries of the EVs can significantly improve the short-
term voltage stability performance of the network [4-5]. To date, there appears to be no 
comprehensive analytical modelling that works on the connection of EVs to microgrids. 
Therefore, this chapter focuses on the analytical development of a line model and a power flow 
analysis of a distribution network with EV integration. Therefore, the positive impacts of EVs’ 
integration on the voltage stability of the network can be quantified.  
 
3.3 Modelling Analysis of Voltage Stability 
The modal analysis depends mainly on the power-flow Jacobian matrix. The Jacobian matrix is 
square can be written as follows: 
 
 [
∆𝑃
∆𝑄
] = [
𝐽11 𝐽12
𝐽21 𝐽22
] [
∆𝛿
∆𝑉
] 3-1 
By letting ∆𝑃 = 0 in Equation 3-1: 
 ∆𝑃 = 0 = 𝐽11∆𝛿 + 𝐽12∆𝑉 3-2 
 ∆𝛿 = −𝐽11
−1𝐽12∆𝑉 3-3 
 ∆𝑄 = 𝑗21∆𝛿 + 𝑗22∆𝑣 3-4 
Substituting Equation 3-3 in Equation 3-4 
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where ∆𝑄 = 𝐽𝑅∆𝑉 3-5 
 𝐽𝑅 = 𝐽22 − 𝐽21𝐽11
−1𝐽12 3-6 
𝐽𝑅 is the reduced Jacobian matrix of the system. Equation 3-6 can be written as 
 ∆𝑉 = 𝐽𝑅
−1∆𝑄 3-7 
The eigenvalues and eigenvectors of the reduced order Jacobian matrix 𝐽𝑅 are used for the 
voltage stability analysis. Voltage instability can be detected by identifying the modes of the 
eigenvalues matrix 𝐽𝑅. The magnitude of the eigenvalues provides a relative measure of 
proximity to instability. The eigenvectors on the other hand present information related to the 
mechanism of loss of voltage stability. Eigenvalue analysis of 𝐽𝑅 results in the following: 
 𝐽𝑅 = ΦΛΓ 3-8 
where 𝐽𝑅 is the reduced Jacobian matrix of the system  
Φ is the right eigen vector matrix of 𝐽𝑅 
Γ is the left eigen vector matrix of 𝐽𝑅 
Λ is the diagonal eigenvalue matrix of 𝐽𝑅 
Equation 3-8 can be written as: 
 𝐽𝑅
−1 = ΦΛ−1Γ 3-9 
where  ΦΓ = 1 
Substituting 3-9 in 3-7: 
 ∆𝑉 =∑
Φ𝑖Γ𝑖
𝜆𝑖
⁄
𝑖
∆𝑄 3-10 
where 𝜆𝑖 is the 𝑖
𝑡ℎ eigenvalue 𝐽𝑅. 
Φ𝑖 is the 𝑖
𝑡ℎ of colomun right eignvector 𝐽𝑅. 
Γ𝑖 is the 𝑖
𝑡ℎ of row left eignvector of matrix 𝐽𝑅. 
Each eigenvalue 𝜆𝑖 and corresponding right and left eigenvectors Φ𝑖 and Γ𝑖, define the 𝑖
𝑡ℎ 
mode of the system. The 𝑖𝑡ℎ modal reactive power variation is defined as: 
 ∆𝑄𝑚𝑖 = 𝐾𝑖Φ𝑖 3-11 
where 𝐾𝑖 is a scale factor to normalize vector Δ𝑄𝑖 so that 
 𝐾𝑖
2∑Φ𝑗𝑖
2 = 1
𝑗
 3-12 
With Φ𝑗𝑖 is the 𝐽𝑡ℎ element of Φ𝑖 
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The corresponding 𝑖𝑡ℎ modal voltage variation is: 
 Δ𝑉𝑚𝑖 =
1
𝜆𝑖
⁄ Δ𝑄𝑚𝑖 3-13 
 
Equation 3-13 can be summarised as follows: 
1) If 𝜆𝑖 = 0 , the 𝑖
𝑡ℎ modal voltage will collapse because any change in that modal reactive 
power will cause infinite modal voltage variation. 
2) If 𝜆𝑖 > 0, the 𝑖
𝑡ℎ modal voltage and 𝑖𝑡ℎ reactive power variation are along the same direction, 
indicating that the system is voltage stable. 
3) If 𝜆𝑖 < 0, the 𝑖
𝑡ℎ modal voltage and the 𝑖𝑡ℎ reactive power variation are in opposite 
directions, indicating that the system is voltage unstable. 
The relationship between the system voltage stability and eigenvalues of the 𝐽𝑅 matrix is best 
understood by relating the eigenvalues to the V-Q sensitivities of each bus (which must be 
positive for stability). 𝐽𝑅  must be taken as a symmetric matrix and therefore the eigenvalues of 
𝐽𝑅 are close to being purely real. If all the eigenvalues are positive, 𝐽𝑅 is positive definite and 
the V-Q sensitivities are also positive, indicating that the system is voltage stable [47], [270], 
[271]. 
It is not necessary to evaluate all the eigenvalues of 𝐽𝑅 of a large power system because it is 
known that once the minimum eigenvalues become zeros the system Jacobian matrix becomes 
singular and voltage instability occurs. The eigenvalues of importance are the critical 
eigenvalues of the reduced Jacobian matrix 𝐽𝑅. Thus, the smallest eigenvalues of 𝐽𝑅 are taken to 
be the least stable modes of the system. The rest of the eigenvalues are neglected because they 
are considered to be strong enough. Once the minimum eigenvalues and the corresponding left 
and right eigenvectors have been calculated, the participation factor, which is the left and right 
eigenvectors’ multiplication, can be used to identify the weakest node or bus in the system. 
Figure 3-1 is a flow chart diagram of the calculation of the voltage stability level using 
eigenvalues and the mechanism of voltage stability using eigenvectors. 
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Figure 3-1: Flow chart diagram explaining the voltage stability identification. 
 
3.4 Effective Location of Distributed Generators based on Voltage Stability 
Typically, the distribution network is considered to be a radial operation that is fed power by 
centralising generation units through interconnected transmission lines. The distribution 
network is considered to be a passive network, where the power is flowing in a single direction. 
Due to the high voltage ratio of R/X, the distribution network suffers from large voltage drops, 
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high power losses, and low voltage stability. The suffering of the distribution network is 
increased by rapidly increasing the demand, especially with a newly integrated load such as 
EVs. Recently, using distributed generators has become widespread as a solution to the 
problem of the distribution network, since the rapid growth of Renewable Energy Technologies 
(RETs) has helped to develop electricity generation and a distribution infrastructure to meet 
electricity demand requirements. Some of the other non-renewable energy technologies that are 
widely practised, such as gas turbine, fuel cell, and diesel generator, increase the development 
of distributed generators. Integrated distributed generators could be used to support a weak 
distribution network or could be operated in an island mode, which is an approach to the 
microgrid concept. Since the distributed generators are installed closer to the load demand, the 
transmission line losses are either avoided in island operation mode or reduced in connected 
mode.  
In order to achieve the high benefits from distributed generators, their size and placement in 
the microgrid have to be optimised. Researchers have formulated the placement of distributed 
generators by using many objective functions, such as voltage profile improvement, loss 
minimization, improvement in reliability aspects, economic revenue, and environmental 
impact reduction. [47], [112], [272]–[278]. In this study, four types of distributed generators 
are suggested to be integrated within a distribution network: gas microturbine, fuel cell, 
photovoltaic cell, and diesel power generator [48], [279]. The average wind speed in the case 
study environment in this study, which is Baghdad city, is less than three m/s. Normally, the 
wind turbine is cut off at a wind speed lower than three m/s. Therefore, the wind turbine has 
been excluded from this study. The distributed generators are formulated according to the 
voltage stability improvement in two attempts: finding the lowest voltage bus bar or the most 
sensitive bus bar to the voltage stability (weakest bus bar). The procedure for determining the 
candidate bus bar in which to integrate the distributed generators is given below: 
1- The power flow of the network is analysed  using the Newton-Raphson method to 
obtain the voltage profile, line flow, total power losses (real and reactive), line losses, 
Jacobian matrix, and reduced Jacobian matrix.  
2- According to the attempts, identifying the lowest voltage bus bar or the most sensitive 
bus bar to voltage stability is approached by using the participation factor based on 
finding the minimum eigenvalues and eigenvectors of the network. 
3- The first specific type of distributed generator is integrated based on the certain capacity 
of active and reactive power into the candidate bus bar to enhance either the voltage 
level or the minimum eigenvalue of the network.  
4- The system is analysed again to find the next candidate bus bar. In case the next 
candidate bus bar is the same as the previous candidate, the power of the distributed 
generator should be increased to a higher level. 
5- The second generator is integrated into the second bus bar.  
6- The procedure is iterated until combining the objective function that covers all demands 
of the system.  
The flow chart for integrating the distributed generators into the most sensitive bus bar and the 
minimum voltage bus is shown in Figure 3-2. 
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The voltage stability indication increased from 0.063 to 0.446 when integrating the distributed 
generators at minimum voltage bus and most sensitive bus, respectively, for the same number 
and capacity of distributed generators. The results show that integrated microsources at the 
weakest bus bar improved the voltage stability much more than integrated microsources at the 
minimum voltage bus bar, as shown in Table 3-1. The five minimum eigenvalues of the 
conventional grid without distributed generators, the microgrid at island mode, and the 
conventional grid (smart grid) at island mode, are shown in Table 3-2.  
Table 3-1: Distributed generator arrangement on buses 
 
Uniform 
distribution busses   
Type of sources 
Power rated 
kW+kVAR 
Non-uniform 
distribution busses   
1.  25 (62) Gas microturbine (MT) 75+35 47 
2.  16 (53) Fuel cell (FC) 50+20 46 
3.  10 (47) Gas microturbine (MT) 75+35 45 
4.  34 (71) Photovoltaic cell (PV) 50+20 35 
5.  45 (82) Fuel cell (FC) 50+20 34 
6.  39 (76) Gas microturbine (MT) 75+35 33 
7.  32 (69) Photovoltaic cell (PV) 50+20 32 
8.  15 (52) Gas microturbine (MT) 75+35 11 
9.  20 (57) Photovoltaic cell (PV) 50+20 26 
10.  17 (54) Photovoltaic cell (PV) 50+20 25 
11.  18 (55) Diesel power generator (DE) 250+175 10 
12.  33 (70) Fuel cell (FC) 50+20 17 
13.  42 (79) Photovoltaic cell (PV) 50+20 16 
 Minimum eigenvalue = 0.446 Minimum eigenvalue = 0.063 
 Total demand = 682.1Kw+328.8Kvar 
 
Table 3-2: The eigenvalue for lowest buses 
 Type of connection Bus No Eigen Value 
1.  
Traditional grid without DG 
 
37 0.071 
74 0.084 
75 0.105 
77 0.116 
66 0.149 
2.  Microgrid at isolated mode 
70 (33) 0.446 
62 (25) 0.750 
63 (26) 0.955 
71 (34) 0.984 
78 (41) 0.986 
3.  Smart grid at isolated mode 
17 4.927 
19 10.175 
20 10.621 
24 17.772 
27 19.280 
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Figure 3-2: Flow charts of the DG placement algorithms 
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3.5 Case Study Analysis 
This section gives the detail of the case study’s architecture connection, generation, and loads. 
The system operates in four scenarios: a conventional grid, smart grid at connected mode, smart 
grid at disconnected mode, and microgrid. The reason for operating the case study in many 
scenarios is to find the voltage profile, participation factor, and voltage stability value at each 
scenario to determine the best operation for the case study. The illustration of the case study 
and scenarios operation are described in the next subsections: 
 
3.5.1 Conventional grid 
For an academic study, this work proposes a traditional system for a power grid, which consists 
of generation, transmission, and a distribution network. The transmission system consists of 37 
buses, ten generators, 49 transmission lines and transformers [280, Sec. 6.6]. It operates at three 
voltage levels which are 132 kV, 66 kV, and 11 kV. The distribution network under study 
consists of 49 bus bars distributed on seven laterals and 48 underground feeders to supply the 
electrical loads of a typical community in Baghdad. As the typical loading profiles and line 
impedances of the network are readily available to the author, it presents a realistic case study 
for the investigation of the integration of EVs. The original distribution network is connected 
to a conventional power system via the transmission line through substations. A schematic 
diagram is given in Figure 3-3. 
The scale load of Newton-Raphson based on the Matpower program [281] and eigenvalues and 
eigenvectors for reducing the Jacobian matrix are used in analyses to calculate power flow 
solutions and monitor voltage stability. A voltage profile of the grid is shown in Figure 3-4. 
The system is stable according to the calculated minimum eigenvalue, which is positive and 
equal to 0.071. The multiplication of the right and the left eigenvectors of the system give more 
details about the sensitivity of buses to stability. Bus bar number 62 is the weakest on the 
system according to the data presented in Figure 3-5. Bus bar number 13 has the minimum 
voltage level of the system, which is equal 0.9143 according to the data presented in Figure 3-4. 
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Figure 3-3: Case study 
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Figure 3-4: Voltage profile for the conventional grid (without DG impact) 
 
Figure 3-5: Participation factor for the conventional grid (without DG impact) 
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3.5.2 Distribution network as microgrid 
The power in the distribution network is flowing unidirectionally from the generation unit to 
the load.  Some assumptions are made to allow the study of perspective connections of the EVs, 
distributed generators and renewable energy resources to the existing network:  
 Interfacing power electronics, protective devices and communication links allowing 
bidirectional power flow at the selected nodes are connected with distributed 
generators. 
 A pseudo-isolated operating mode, such that the entire local loads which are 682.1 
kW and 328.8 kVAR in this study, are met by several distributed generators located 
at selected nodes, as shown in the case study depicted in Figure 3-6. 
It is noted that the above assumptions have basically transformed the distribution network into 
a microgrid. Although it is envisaged that many new microgrids will be designed and developed 
with advanced intelligent controllers and communication links in the future [6-8], the reality is 
more likely to be a gradual progression from existing networks, such as described in the case 
study here. While only distributed generators are included in the current study, it should be 
noted that other energy sources such as wind turbines are likely to be included in a realistic 
microgrid, which will further increase the interdependence of the resources and loads, and the 
control complexity of the system [40]–[42]. 
A microgrid operates as a single controllable network that acts either in an island mode to 
balance its demand and power generation, or in a connected mode with conventional grid and 
other microgrids to support the conventional grid.  
Typically, the normal operation of the microgrid is as a connected mode to support the 
transmission system and enhance the efficiency of the transmission system operation. A voltage 
profile of the connected grid is given in Figure 3-7. The system is stable according to the 
minimum eigenvalue calculated, which is positive and equal to 0.446. The multiplication of 
the right and left eigenvectors of the system gives more details about the sensitivity of buses to 
stability. Bus bar number 59 is the weakest bus on the system according to the data presented 
in Figure 3-8. Bus bar number 13 has a minimum voltage level of the system which is equal 
0.9143 according to the data presented in Figure 3-7.  
In emergency electricity markets, such as following natural disasters, demand congestion, or 
grid outage, the distribution management operator within distribution network operator takes a 
decision to isolate the microgrid by disconnecting the point of common coupling which makes 
the microgrid work as a single controllable system. The voltage stability indicates that the 
minimum eigenvalue of the system becomes 4.927. The transmission system in islanded mode 
becomes more stable from the view of voltage stability than in connected mode due to the 
release of some load which is covered by the distributed generators of the microgrid. Bus bar 
number 25 is the weakest bus on the system according to the data presented in Figure 3-10. 
Bus bar number 13 has the minimum voltage level of the system which is equal to 0.9143 
according to the data presented in Figure 3-9.  
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At the microgrid side, the voltage stability indicates that the minimum eigenvalue of the 
network becomes 0.446. Bus bar number 33 is the weakest bus on the network according to the 
data presented in Figure 3-12. Bus bars numbers 47 and 46 have the minimum voltage level of 
the system which are equal to 0.9987 and 0.9993 respectively, according to the data presented 
in Figure 3-11. 
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Figure 3-6: Microgrid case study 
 
Figure 3-7: Voltage profile for the smart grid at connected mode (with DG impact) 
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Figure 3-8: Participation factor for the smart grid at connected mode (with DG impact) 
 
Figure 3-9: Voltage profile for smart grid at isolated mode 
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Figure 3-10: Participation factor for smart grid at isolated mode 
 
Figure 3-11: Voltage profile for microgrid at isolated mode 
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Figure 3-12: Participation factor for microgrid at isolated mode 
3.5.3 Discussion of voltage profile results 
Figure 3-13 reveals an enhancement in voltage profile for the smart grid at grid connected 
operation in bus bars 12, 18 and 37 as shown in points A, B and C, whereas the voltage profile 
at connected smart grid recorded a higher voltage than the conventional grid or isolated smart 
grid. The points also show that the voltage profile at isolated smart grid recorded a better value 
than the conventional grid. On the other hand, the distribution network connected to the 
transmission system at bus bar 18 through the transformer. Therefore, in the smart grid at 
connected operation, the surplus power from the microgrid moves towards the transmission 
system to enhance the voltage profile at connected bus and weak adjacent connected bus, 
depending on the amount of power. Therefore, buses 37 and 12 have an enhancement than the 
conventional operation due to generating power near the load. Figure 3-14 reveals the voltage 
profile enhancement in all bus bars of the system during microgrid operation at connected mode 
or isolated mode. The operation of isolated is better than the operation of connected in all bus 
bars of the analysis scenarios in terms of voltage profile enhancement. Some bus bars show the 
same voltage profile level as connected smart grid operation and microgrid operation, as shown 
in point A of bus bar 10 and 11 in the figure, whereas other bus bars show better voltage levels 
of the connected smart grid than microgrid operation, as shown at point B of bus bar 21 to 24 
in the figure. Furthermore, the voltage profile at the microgrid operation recorded a better value 
than the voltage profile at connected smart grid operation, as shown in point C of bus bar 47 
and 48 in the figure. Figure 3-15 shows the voltage profile for all systems in one graph.  
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Figure 3-13: Voltage profile comparison of transmission system for all scenarios 
  
 
Figure 3-14: Voltage profile comparison of distribution network for all scenarios
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Figure 3-15: Voltage profile comparison for all scenarios 
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The next sections try to find appropriate equations to integrate the EVs within the distribution 
line and find their characteristics’ effects on the microgrid network; then, in Chapter five the 
hierarchical strategy of the charging and discharging algorithm of each vehicle will be 
discussed.   
 
3.6 Electrical Lines Parameters of Microgrid  
This section will develop the characteristic equations of the distribution line based on the 
conventional transmission line model. Four distributed circuit parameters are used to 
characterise a line model: series resistance (𝑟), inductance (𝑙), shunt conductance (𝑔), and 
capacitance (𝑐); the lower-case symbols indicate per-kilometer values. All four parameters are 
a function of the line design, and depend on the conductor size, type, spacing between single 
conductors, and height above ground, frequency, and temperature. They are classified 
according to length into short, medium, and long lines. The lines shorter than or equal to 80 
km (50 miles) are classified as a short line whereas lines longer than or equal to 250 km (150 
miles) are classified as a long line. Otherwise, the line is classified as a medium line. All the 
mathematical equations for the long line are applicable to the short and medium lines. They 
also vary according to the number of nearby parallel conductors. Furthermore, different values 
are obtained for positive-sequence and zero-sequence currents [282, Sec. 2.2.1], [283, Ch. 5]. 
Here, it is only analysed for positive-sequence nominal values for a short line to simulate the 
distribution line under study, where shunt conductance is ignored for simplicity. The 𝐴𝐵𝐶𝐷 
constants of the transmission line and the 𝐴𝐵𝐶𝐷  values can be calculated using the following 
formulas: [283, Sec. 5.2].  
 [
𝑉𝑆
𝐼𝑆
] = [
𝐴 𝐵
𝐶 𝐷
] [
𝑉𝑅
𝐼𝑅
] 3-14 
 𝐴 = cosh (𝛾ℓ) 3-15 
 𝐵 = 𝑍𝑐sinh (𝛾ℓ) 3-16 
 𝐶 =
1
𝑍𝑐
sinh (  ) 3-17 
 𝐷 = cosh (𝛾ℓ) 3-18 
where 𝐴 = 𝐷 and 𝐴𝐷 − 𝐵𝐶 = 1. 
 
3.7 Modified Line Modelling Including Energy Storage Devices (Battery and 
Supercapacitor) of the Electric Vehicles 
In the analysis, EVs can be connected to any node on the line. The power resources of the EVs 
are battery and supercapacitor. It is useful to derive certain basic relationships for the ideal case 
of uniformly distributed compensation. The formulae are driven in most cases approximately 
for a practical system by focusing on compensation, since the spacing between the compensator 
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is limited by the same factors that limit the maximum length of the uncompensated line [282, 
Sec. 2.3.3].  
The surge impedance 𝑍0 of an uncompensated line can be written as follows: 
 𝑍0 = √
𝐿
𝐶
= √
𝑗𝜔𝐿
𝑗𝜔𝐶
= √𝑋𝑙𝑋𝑐 3-19 
If a uniformly distributed shunt compensating capacitance 𝐶𝑠ℎ (farad/km) is introduced, the 
effective value of the shunt capacitive admittance per km can be described in the following:  
 𝑗𝜔𝐶̅̅ ̅̅ ̅ = 𝑗𝜔𝐶 + 𝑗𝜔𝐶𝑠ℎ = 𝑗𝜔𝐶(1 + 𝐾𝑑) 3-20 
 𝐾𝑑 =
𝐶𝑠ℎ
𝐶
=
𝑋𝑐
𝑋𝑠ℎ
=
𝑏
𝜔𝐶
 3-21 
Shunt capacitive compensation decreases virtual surge impedance and increases virtual natural 
load where it is assumed that the voltage remains unchanged, as shown in the following: 
 𝑍0̅̅ ̅ =
𝑍0
√1 + 𝐾𝑑
 3-22 
 𝑃0̅̅ ̅ = 𝑃0√1 + 𝐾𝑑 3-23 
The parameter 𝐾𝑑 is useful to measure the required reactive power ratings for the compensating 
equipment [283].  
The phase-shift constant (𝛽) and the line angle  (𝜃) are also modified and have a virtual value 
according to 
 ?̅? = 𝛽√1 + 𝐾𝑑 3-24 
 ?̅? = 𝜃√1 + 𝐾𝑑 3-25 
where 𝜃 = 𝛽   and ?̅? = ?̅?  [282, Sec. 2.3.3].  
When the resistance of the transmission line is equal to zero, the line is called a lossless line, 
and the line loss factor (𝛼) is equal to zero. Otherwise, the line is called a lossy line, and the 
loss factor 𝛼 can be determined by [284]. 
 𝛼 =
𝑅
𝜔𝐿
,𝜔 = 2𝜋𝑓 3-26 
The surge impedance of the lossy line 𝑍0̅̅ ̅
̅̅ ̅  can also be represented as 
 𝑍0̅̅ ̅
̅̅ ̅ = 𝑍0√1 − 𝑗𝛼 3-27 
For any degree of shunt compensation, the effect of additional shunt compensation capacitive 
increases ?̅? and  𝑃0̅̅ ̅ and decreases 𝑍0̅̅ ̅, whereas inductive shunt compensation has the reverse 
effect. The above equations are used in the next sections to develop the mathematical equations 
Chapter Three: Modelling and Analysis of Microgrids 99 
 
for finding the effect of integrating EV within the distribution line of a microgrid on the critical 
receiving end voltage and power value.  
 
3.8 Voltage Stability Limits with Electric Vehicles Compensation 
In general, the state of an electric power system can be classified as either stable or unstable. 
The boundary line of stability is any condition for a slight change in the unfavourable direction 
of any pertinent quality which will cause instability. The voltage instability of a system may 
occur due to an avalanche voltage process during a period of the light load with minimum plant 
generation, and low short-circuit level [284].   
System voltage stability could be enhanced by adding reactive shunt compensation to the line 
either as a lumped capacitor or distributed capacitor. The battery and supercapacitor of EVs 
could be used as a shunt compensation to the line through a converter to match the electricity 
form between the resources and microgrid which is DC and AC respectively. Participating the 
resources of the EV as a shunt compensation depends on its state of charge. Due to its superior 
ability to short burst power, the supercapacitor in the EVs can be charged and discharged very 
rapidly. Therefore, it is almost possible to maintain a full charge for the supercapacitor before 
the stoppage of the EV. The EV could be used as effective bulk shunt compensation in an 
aggregated EV connected to the distributed network. 
 
3.9 Effect of Compensation on Critical Receiving End Voltage and Power 
Values 
The condition of voltage stability for connecting to the critical angular separation 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 and 
the critical receiving end voltage 𝑉𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 regarding the sending end voltage 𝑉𝑠 and a 
generalized circuit constant 𝐴0 = 𝑎1 + 𝑗𝑎2 of the compensated transmission system at constant 
power factor (PF), is derived and set as  
 𝑉𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
𝑉𝑠
2(𝑎1 cos 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 + 𝑎2 sin 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙)
 3-28 
In addition, the critical transmission angle   𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 that gives a constant power factor for the 
load is determined by 
 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
1
2
tan−1 (
𝑘1
𝑘2
) 3-29 
Finally, The maximum power transfer 𝑃𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 that limits the compensated system in terms of 
the SIL of a lossy line corresponding to 𝑉𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 and 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 when the system is operating on 
the verge of voltage stability, is derived in Appendix (C) and given by  [6]. 
 
 𝑘1 = 𝑎1(𝑏1 tan∅ + 𝑏2) + 𝑎2(𝑏1 − 𝑏2 tan∅) 3-30 
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 𝑘2 = 𝑎1(𝑏1 − 𝑏2 tan∅) − 𝑎2(𝑏1 tan∅ + 𝑏2) 3-31 
 𝑃𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
√2√(1 + 𝛼2)𝑘3𝑘4 − (𝑎1𝑏1 + 𝑎2𝑏2)
√1 + √1 + 𝛼2(𝑏1
2 + 𝑏2
2) × 𝑘4
2
 3-32 
 𝑘3 = 𝑏1cos𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 + 𝑏2sin𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 3-33 
 𝑘4 = 𝑎1cos𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 + 𝑎2sin𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 3-34 
The transmission angle 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, load voltage 𝑉𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, and power transfer 𝑃𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 at the 
critical condition are evaluated by using equations 3-23, 3-24, and 3-25 respectively. The 
generalised line constants 𝑎1, 𝑎2, 𝑏1, 𝑎𝑛𝑑 𝑏2 for a line that plugs in EVs is given in Appendices 
D and E. 
 
3.10 Example of Compensation Scheme 
It may be useful to start with the simple line model without EV compensation. The generalised 
circuit constants (𝐴𝐵𝐶𝐷) of the uncompensated transmission line are shown in the following 
[12]:  
 𝐴0 = cosh (𝑗?̅?) 3-35 
 𝐵0 = sinh (𝑗?̅?)𝑍0𝑅 3-36 
 𝐶0 = sinh (𝑗?̅?)
1
𝑍0𝑅
 3-37 
 𝐷0 = cosh (𝑗?̅?) 3-38 
The characteristics of shunt compensation are illustrated as an EV connected to simplify the 
two-bus test system at the receiving end. The sending end produces active power which is 
transferred through a distribution line to the receiving end with constant power factor. The 
characteristics of the line under study are as follows [285]:  
 Voltage at sending end is 400 V at 50Hz;  
 Transmission line length is 300 m;  
 Resistance for the line is 0.264 Ω/km; Inductance for the line is 0.071 mil Henry/km. 
The generalised circuit constants (𝐴𝐵𝐶𝐷)  of the distribution line with EV compensation can 
be detrmined by 
 𝐴0 = cosh(𝑗?̅?) − 𝑗 sinh(𝑗?̅?)𝐾𝑑?̅? 3-39 
 𝐵0 = sinh(𝑗?̅?)𝑍0𝑅 3-40 
 𝐶0 = sinh(𝑗?̅?)
1
𝑍0𝑅
− 𝑗 cosh(𝑗?̅?)
𝐾𝑑𝜃
𝑍0
 3-41 
 𝐷0 = cosh(𝑗?̅?) 3-42 
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The numerical results from the line model are shown in Figure 3-16 to Figure 3-19. It is 
concluded that increasing the degree of shunt capacitive compensation will lead to an increase 
in the critical load angle, critical voltage and critical power curves at the receiving end bus bar. 
On the other hand, the results show a decrease in the surge impedance of the line. The reason 
for that linear increase is the additional shunt compensation which reduces the imaginary part 
of A and C parameters of the characteristics equation, whereas the B parameters remain the 
same at the same time the power factor is maintained as constant. Therefore, the k factors of 
the critical angle, voltage, and power influence due to A parameters change, which is reflected 
in the step increase of the curves. On the other hand, physically increasing the reactive power 
of the shunt compensation affects positively the voltage magnitude at the point of connection 
due to couple between the voltage and the reactive power of the Jacobian matrix. The power 
of the system is in relation to the voltage and current of the system. Thus, increasing the voltage 
of the system leads to increasing the power. The surge impedance loading has a nonlinear effect 
due to changing the compensation factor, whereas the Kd is the root square at denominated part 
of the surge impedance equation. Therefore, changing the compensation factor results in a 
negative effect on surge impedance loading, even at a constant power factor. On the other hand, 
adding a capacitive part to the electrical system leads to a reduction in the indicative 
characteristics of that system. Adding the battery and supercapacitor, both of which have 
capacitor characteristics, to the distribution line leads to a reduction in the inductive 
characteristics of that line.  Therefore, adding a capacitor to the line is important to increase 
critical voltage and critical power at any point of the distribution line and reduce the inductive 
characteristics of the distribution line. 
 
 
Figure 3-16: Critical load angle against range of 
capacitor shunt compensation 
 
Figure 3-17: Critical voltage at receiving end 
bus against range of capacitor shunt 
compensation 
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Figure 3-18: Critical power at receiving end 
voltage against range of capacitor shunt 
compensation 
 
Figure 3-19: Surge impedance loading against 
range of capacitor shunt compensation 
 
3.11 Numerical Analysis of Distribution Network with Electric Vehicles 
Compensation 
Previous analysis of the microgrid has found that the minimum voltage profile occurs at bus 
bar number 47 which is about 0.9987 p.u. The minimum eigenvalue recorded is 0.446, which 
infers that the system is stable, whereas the participation factor analysis refers to bus bar 
number 33 as the weakest bus in the network. The decision about which selected node(s) the 
EVs should be connected to is based on the minimum voltage bus bar or the weakest bus bar 
on the system. It is suggested that reducing the eigenvalue of the system could be obtained by 
isolating the generator from bus bar 45 to study the effect of EVs on the microgrid. The 
minimum voltage becomes 0.9955 and 0.9961  at bus bar 47 and 46 respectively as shown in 
the voltage profile (VP) of the system without compensation at Figure 3-20 whereas the 
weakest bus bar becomes 49 as shown in the participation factor (PF) of the system without 
compensation at Figure 3-21. The details of the minimum voltage, minimum eigenvalue, and 
weakest bus bar of the system are illustrated in Table 3-3. The VPs of ten EVs are connected 
to the minimum voltage bus bar, weakest bus bar, and each of them, is shown in Figure 3-22, 
Figure 3-23, and Figure 3-24 respectively. The PF of ten EVs which are connected to the 
minimum voltage bus bar, weakest bus bar, and at each of them, are shown in Figure 3-25, 
Figure 3-26, and Figure 3-27 respectively. 
The results show that the effect of adding ten EVs at the weakest bus bar (bus 25 from 
Figure 3-5) or the lowest voltage bus bar (bus 46-47 from Figure 3-4 and Figure 3-20) have a 
positive impact on the voltage stability and voltage magnitude at the minimum voltage bus bar. 
It is observable that the system voltage stability enhanced from 0.179 to 0.206 in the weakest 
bus bar integration case, whereas the voltage stability is still the same at the minimum voltage 
bus bar integration case. The voltage magnitude has the opposite effect to the voltage stability 
monitor. The results recorded that the voltage magnitude increased from 0.9955 as shown in 
Figure 3-20 to 0.9968 as in Figure 3-23 at bus bar 47 for the minimum voltage bus bar 
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integration case, whereas the voltage is still the same as in Figure 3-22 at bus bar 47 in the 
weakest bus bar integration case. Consequently, focusing on the enhancement of both 
parameters of voltage stability and voltage magnitude at the minimum voltage bus bar, the 
study proposes integrating the ten EVs on both bus bars. The results show that the voltage 
stability increased from 0.179 to 0.206 and the lowest bus bar voltage level increased from 
0.9955 as in Figure 3-20 to 0.9968 as in Figure 3-24. The weakest bus bar is allocated at each 
analysis which has been moved from bus bar 49 as in Figure 3-21 to 45 as in Figure 3-25 at the 
weakest bus bar integration case and 40 as in Figure 3-26 at the minimum voltage bus bar 
integration case. It has become bus bar 21 as in Figure 3-27 for both bus bars integration cases. 
 
Table 3-3: EVs connection detail 
 Bus compensation No. Minimum voltage 
Minimum 
eigenvalue 
Weak 
bus 
1.  Without compensation 0.9955 at bus 47 and 0.9961 at bus 46 0.179 49 
2.  Ten EVs at bus 25 0.9955 at bus 47 and 0.9961 at bus 46 0.206 45 
3.  Ten EVs at bus 46 0.9968 at bus 47 and 0.9969 at bus 46 0.179 49 
4.  Ten EVs at bus 25 and 46 0.9968 at bus 47 and 0.9969 at bus 46 0.206 21 
 
 
Figure 3-20: Voltage profile for microgrid at isolated mode and isolating the generator of bus bar 45 
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Figure 3-21: Participation factor for microgrid at isolated mode and isolating the generator of bus bar 
45 
 
Figure 3-22: Voltage profile for system with ten EV compensation at weakest bus 25 
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Figure 3-23: Voltage profile for system with ten EV compensation at minimum voltage bus 46 
 
Figure 3-24: Voltage profile for system with ten EV compensation at bus 25 & 46 
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Figure 3-25: Participation factor for system with ten EV compensation at bus 25 
 
Figure 3-26: Participation factor for system with ten EV compensation at bus 46 
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Figure 3-27: Participation factor for system with ten EV compensation at bus 25 & 46 
 
Figure 3-28 shows the comparison of voltage profile for microgrid operation with connecting 
10 EVs at different bus bar whereas the blue, orange, grey, and yellow bars refer to voltage 
profiles of microgrid without EVs, ten EVs connected at 25, ten EVs connected to bus 46, and 
ten EVs connected to buses 25 and 46 respectively. The voltage profile at some bus bars is not 
changed as shown in point A of bus bars one, two, and three at the figure. Bus bars 21, 22, 23, 
and 24 remarks at the point at the figure show better voltage profile value at connected EVs at 
bus bar 25 than other cases whereas bus bars 46, and 47 show better voltage profile level at 
connected EVs at bus bar 46 than other cases.  
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Figure 3-28:  Voltage profile comparison of microgrid at different connected EVs buses  
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3.12 Conclusion 
This chapter discusses the constructed resilient microgrid to recover quickly in disturbance 
situation for local operation in the realistic distribution network of a typical community and the 
effect of voltage stability and EVs on it. The resiliency index are focused on the development 
of advanced microgrid management and control functionalities to manage microgrid storage, 
electric vehicles, and load responsiveness, to operate the microgrid autonomously and in a 
manner of self-recovery that helps mitigate power grid disturbances which then improves 
electricity system flexibility, efficiency and stability. The major benefit of the microgrid 
concept is focused on covering the rapid growth of demand and reducing carbon dioxide 
emissions and pollutants using the ripeness of integrated distributed generators, especially the 
renewable energy resources. The resources are integrated near the electrical demand rather than 
generating the electricity in a large generation unit which mostly depends on fossil fuel located 
far away from the load. Different kinds of available distributed generators depend on the type 
of fuel consumed. The type of generator has been chosen based on the fuel cost and 
sustainability of generation to ensure that there is enough power to cover the demand at all 
times of a day and night. Some distributed generators are used including photovoltaic cells, 
microturbines, fuel cells, and diesel generator. The wind turbine is excluded from the study due 
to the low speed of the wind in Baghdad environment which makes using the wind turbine 
inefficient. The locations for installing the distributed generators are proposed to strengthen the 
most sensitive bus bar to voltage stability, which identifies using a participation factor analysis 
of eigenvectors. The eigenvalues indicate the voltage stability situation, whereas the 
eigenvectors indicate the mechanism of losing voltage stability in the system. The voltage 
analysis refers to the voltage stability being enhanced in the system for microgrid operation 
due to increasing the generation near the load. The microgrid makes the network able to operate 
in an island mode as a small single controllable system, or in a connected mode with the utility 
grid. This kind of operation (island and connected modes) leads a reduction in the losses and 
electrical demand at the transmission system, reduces the generation pressure on the supply 
units, and reduces the emission of pollutions that are produced at generation units. Therefore, 
the voltage stability is enhanced not only in the transmission system but also in the microgrid. 
However, this development makes the distribution network active, and the power flow 
bidirectional, which increases the possibility of electricity congestion happening in the system. 
Therefore, the microgrid needs to be controlled and handled properly by adding an intelligent 
controller and communication link between the loads and generation units. 
The intermittent nature of the renewable energy may cause instability on the microgrid, which 
leads to integrating an energy storage system to compensate for the intermittency and maintain 
the generation and load balance of the microgrid. The EVs are a new insight to electrify the 
transportation sector for reducing emissions and pollutants and replace the existing propulsion 
vehicle with higher efficiency vehicles. There are many types of EVs in existence today; all of 
them are passive vehicles as power flows from the network to be stored in the energy storage 
system of the EVs. The future generation of EVs would be active where the power flow is 
bidirectional rather than unidirectional. Furthermore, the future generation makes the EVs feed 
energy into the microgrid by absorbing energy from the microgrid at the connection points. 
Therefore, the EVs could be exploited as mobile energy resources around the microgrid, thus 
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giving some revenue to the owners of the EVs at the discharging situation. Thus, it becomes 
essential to design an intelligent smart charger to control the energy storage systems of the EVs 
and satisfy the owners of the EVs. The location of a smart charger has been chosen as the 
proposed strategy to synergize the distributed generators.  
Connecting many EVs to the microgrid, where power flow is bidirectional, requires 
mathematical equations to integrate the EVs into the distribution line of the microgrid. The 
mathematical equations facilitate the power flow analysis of the microgrid within integrating 
EVs and find the effect of the EVs on the microgrid characteristics. The efficient EV has two 
energy storage systems: battery as the main energy resource and supercapacitor as the main 
power resource. The electrical characteristic of the battery could be simplified to a capacitor 
storage because there is no exact implementation of the chemical reaction of the battery on the 
electrical characteristics. Moreover, the supercapacitor is a development of the conventional 
capacitor. Therefore, the electrical characteristics of the battery and supercapacitor are a 
capacitive load. 
The results show that integrating the EVs within a microgrid reduces the surge impedance 
loading of the microgrid and increases the critical voltage limit and the critical power limit of 
the microgrid. Furthermore, the results show that integrating a combination of distributed 
generators and EVs in a particular location of an existing distribution network enhance the 
voltage stability and keep the system well away from a blackout in the heavily loaded system. 
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4. Chapter Four: Optimal Operation of Microgrids 
 
4.1 Introduction 
The previous chapter describes the benefits of operating the distribution network in a microgrid 
operation based on voltage stability analysis as either in connected mode with a transmission 
system or in isolated mode, in emergency electricity markets. Furthermore, a mathematical 
model is proposed in order to integrate the EVs within the distribution line of the microgrid to 
easily accommodate the EVs’ parameter within the power flow analysis of the system. 
However, the microgrid operates in a bidirectional rather than a single direction. Therefore, the 
possibility of electricity congestion becomes a challenge to achieving a resilient operation of 
the microgrid. The microgrid should be handled accurately by adding an intelligent controller 
to operate properly each device connected to the microgrid and the communication links 
between the devices, to communicate with them instantly for a precise decision on balancing 
the load and generation of the system. Therefore, this thesis proposes a unified systematic 
framework structure that decomposes the power management of the devices into modular 
blocks in chronological executions. This chapter describes the top tier of the modular 
management structure that handles the strategic planning or long-term strategy of the balancing 
between generation and electrical demand for power. An intelligent technique is designed and 
simulated, which manages the operation of EVs within the microgrid units. Cplex within the 
MATLAB environment is used to find the optimal operation setting, depending on the detailed 
economic and environmental models. The proposed methodology is applied to the realistic 
network of a Baghdad community operating in four scenarios. The objective function of the 
intelligent management and control tool is to minimise both the operation costs of the 
generating units and the pollutant treatments cost by satisfying the load demand and the 
operating constraints. Moreover, the optimisation problem could be classified as a 
multiobjective and quadratic programming problem. Therefore, the approach used is mixed 
integer quadratic programming to solve the multiobjective optimisation problem based on the 
weighted sum method. The proposed optimisation method considers the operation, 
maintenance, and start-up costs in the modelling of each generating unit, as well as the emission 
reduction treatment cost of NOx, SO2, and CO2. The tariff curve of daily operation has been 
chosen as the variable across a whole day.  
This chapter attempts to provide a further understanding of the impact of the management and 
control of EVs and distributed generators in a microgrid; it focuses primarily on the 
implementation of the ‘microgrid operator’.  
 
4.2 Algorithm Design of the MGO  
The hierarchical modular framework structures the microgrid into three operators. MGO is the 
high strategy level of framework to manage and control balancing sources and loads power 
flow. The output of the optimisation model is the optimal configuration of the microgrid. The 
procedure to achieve optimal operation is listed below and depicted in Figure 4-1 whereas the 
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implementation strategy of microgrid optimisation operation summarises in the flow chart as 
shown in Figure 4-2. 
 Calculate the power output of wind turbines using the wind turbine model based on 
deterministic wind speed measurement data for the city of Baghdad during July 2015, 
as depicted in Figure 4-5 [286]. 
 Calculate the power output of photovoltaic panels using the photovoltaic model based 
on deterministic sun irradiation measurement data and temperature measurement data 
for the city of Baghdad during July 2015, as depicted in Figure 4-3 and Figure 4-4 
respectively [286]. 
 Calculate the unmet load demand of a wind turbine and photovoltaic panel to serve it 
from other distributed generators. 
 Calculate either the CSO charging power in a healthy system or the CSO discharging 
power in an unhealthy system.  
 Apply the optimisation algorithm to calculate the optimum fuel cells’ power, 
microturbine power, and diesel generator power that meet the rest of the load demand.  
 Calculate either the purchasing power from the utility grid when the sum of the 
distributed generators power is not enough to meet the load demand or sell power to the 
utility grid when the sum of the distributed generators power is more than the load 
demand and cheaper than the power of the utility grid at an hourly tariff.  
The decision of the power amount taken from the distributed generators of an optimisation 
algorithm is based on the fuel price, the maintenance cost, the startup cost, and pollutants 
treatment cost. The wind turbine and the photovoltaic panels are assumed to generate free 
emission.  
Normally the microgrid operation based on renewable energy sources to cover the main loads 
for low operation and treatment cost. However, in case of missing the source of renewable 
energy, different types of distributed generators are used to cover the loads of the microgrid. 
Therefore, the wind turbine is replaced with the photovoltaic cell in this study because the wind 
turbine is not efficient to use as the wind speed is very low in the Baghdad area, whereas the 
output power of the wind turbine is very small or cut off at a wind speed below 3 m/s. 
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Figure 4-1: The optimisation algorithm 
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Figure 4-2: Flow chart of microgrid optimisation strategy 
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Figure 4-3: The input solar irradiation to the model (Experimental data with linear interpolations)  
[286]  
 
Figure 4-4: The input temperature to the model (Experimental data with linear interpolations)  [286]  
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Figure 4-5: The input wind speed to the model (Experimental data with linear interpolations)  [286] 
 
4.3 Optimisation Model of Microsources 
Energy management of the microgrid sets the active and reactive power output of each of the 
microsources. It was developed and tailored for the microgrid with the high penetration of 
distributed generators, including renewable energy sources. The energy management problem 
amounts to minimising the microgrid social net cost. It affects operation cost, minimises the 
network losses, reduces greenhouse gas emissions and particulates, and adjusts the value of 
voltage and frequency in microgrid operation. The economic optimisation of the microgrid 
regarding costs, losses and greenhouse gases, is implemented using the economic dispatch. The 
main impact of the economic dispatch is balancing the generation and demand in microgrid 
operation to maintain the voltage and frequency range. This section focuses on the economic 
dispatch problem to produce an output power of microsources in a multiobjective function, in 
both grid connected mode and islanded mode. The objective function introduces multiobjective 
functions, which are lowest operation cost, lowest pollutants treatment cost and lowest carbon 
dioxide treatment cost. The output of the optimisation model is the optimal operation of the 
microgrid when considering all parameters, which include the following: 
 
 Technical performance of available energy sources.  Sun irradiation. 
 Fuel cost.  Daily sell-buy power tariff. 
 Operating and maintenance cost.  Daily load demand curve. 
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 Startup cost.  Losses of the microgrid operation. 
 Wind speed.  Pollutants treatment costs. 
Several different kinds of literature have detailed the modelling of various microsources of the 
microgrid, such as [106], [287]–[291]: 
 
4.3.1 Wind turbines model 
Two important factors are considered in the design of the wind turbine model: the wind speed 
at the specific location and the power curve of the wind turbine. The optimisation wind turbine 
model, which is used to calculate the output power supplied by the wind turbine generator as a 
function of wind velocity, density of air, capture area or swept area, and capacity factor, can 
be calculated by 
 𝑃𝑊 = {
0                                                     𝜈 < 𝜈𝑐𝑖
0.5. 𝑠𝑎. 𝑣3 . 𝑟ℎ𝑜. 𝑐𝑓       𝜈𝑐𝑖  ≤  𝜈 ≤ 𝜈𝑐𝑜
𝑃𝑊𝑟                                𝜈𝑐𝑜  ≤  𝜈 < 𝜈𝑐𝑐𝑜
0                                                   𝜈𝑐𝑐𝑜 < 𝜈
 4-1 
 𝑆𝑤𝑒𝑝𝑡𝑎𝑟𝑒𝑎(𝑠𝑎) =  𝜋 (
𝑟𝑜𝑡𝑜𝑟𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
2
)
2
 
4-2 
where 
Cut on speed 𝜈𝑐𝑖 = 3 𝑚/𝑠 
Corner Speed 𝜈𝑐𝑜 = 14 𝑚/𝑠 
Cut out speed 𝜈𝑐𝑐𝑜 = 25 𝑚/𝑠 
Rotor Diameter = 10 𝑚 
The density air 𝜌 = 0.1 𝑘𝑔/𝑚3 
Capacity Factor (cf):  it is actual output to potential output ratio. 
 
 
The wind speed data for the rated power of 50kW from the wind generator output is obtained 
from [292] for 24 hours on 26 July 2015, as shown in Figure 4-6. 
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Figure 4-6: Wind turbine power generation (simulated results)  
 
4.3.2 Photovoltaic arrays model 
The photovoltaic system is a set of solar cells electrically connected and supported in a 
mechanical structure. The simple equivalent model of a solar cell is shown in Figure 4-7; it is 
represented by a diode in parallel with the constant current source and shunt resistance, all of 
which are connected in series with resistance. The series resistance represents the internal 
resistance of the current flow, whereas the shunt resistance relates inversely to the leakage 
current to the ground. Ideally, there is no series loss. Thus, the series resistance is equal to zero, 
and there is no leakage to the ground where shunt resistance is equal to infinity. The 
photovoltaic model is very sensitive to any variation in series resistance, whereas it is not 
sensitive to the variation of shunt resistance. Therefore, any change in series resistance could 
affect the photovoltaic model output significantly. The output current of a solar cell is 
proportional to the light falling on the cell. It is necessary to take weather data (irradiance and 
temperature) as an input variable to draw current, voltage, and power as an output value.  The 
net current of the solar cell, which represents the difference between photocurrent and diode 
current [293], [294], is explained in the following:  
 𝐼 = 𝐼𝐿 − 𝐼𝑜𝑠 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)
𝑛𝑘𝑇 − 1) −
𝑉 + 𝐼𝑅𝑠
𝑅𝑠ℎ
 4-3 
 𝐼𝐿 =
𝐺
100
[𝐼𝑆𝐶𝑅 + 𝐾𝐼(𝑇 − 25)] 
4-4 
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 𝐼𝑜𝑠 = 𝐼𝑜𝑟 (
𝑇
𝑇𝑟
)
3
𝑛
𝑒
𝑞𝐸𝐺𝑂
𝑛𝑘(
1
𝑇
−
1
𝑇1
)
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𝐼𝑜𝑟 =
𝐼𝑠𝑐(𝑇)
(𝑒
𝑞(𝑉𝑜𝑐(𝑇))
𝑛𝑘𝑇1 − 1)
 4-6 
The series resistance of each cell can be written as: 
 𝑅𝑠 = −
𝑑𝑉
𝑑𝐼𝑉𝑜𝑐
−
1
𝑋𝑉
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 𝑋𝑉 = 𝐼0(𝑇)
𝑞
𝑛𝑘𝑇1
𝑒
𝑞(𝑉𝑜𝑐(𝑇))
𝑛𝑘𝑇1  4-8 
. The net output power of a photovoltaic cell depends mainly on the number of solar cells 
connected to the model. A photovoltaic system output is typically connected to microgrid via 
an inverter to convert the output DC power of the photovoltaic system side to AC power at the 
grid side. 
D
+
- Rsh
Rs
I p
v
Load
 
Figure 4-7: Photovoltaic model 
The standard output power and maximum output power tracking of the cell are shown in the 
following:  
 𝑃𝑐𝑒𝑙𝑙 = 𝑉𝑔𝐼 
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 𝑃𝑚 = 𝑉𝑚𝐼𝑚 
4-10 
The solar generation data for photovoltaic generation output are obtained from [292] for 24 
hours on 26 July 2015, as shown in Figure 4-8. The rated power of the photovoltaic cell is 50 
kW and the total surface to combine them can be described by. 
 Total Power Output = Total Area . Solar Irradiance . Conversion Efficiency 4-11 
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Figure 4-8: Photovoltaic power generation (simulated results) 
 
4.3.3 Microturbines model 
The microturbine is a small combustion distributed generator with a power output of 25 kW to 
500 kW. The microturbine creates high-speed rotation by burning gaseous and liquid fuel to 
generate electricity. Typically, the microturbine can ramp up within a short time, estimated to 
be between 10 seconds and several minutes, to generate electricity based on the size range 
[289].  Microturbine efficiency increases with the increase of supplied power [295]. The 
microturbine has the environmental advantage of low emissions as well as fuel cells [296]; fuel 
cells are quieter than microturbines. 
 
4.3.4 Fuel cells model 
A fuel cell is a small electrochemical process distributed generator with a power output of a 
few kilowatts. The fuel cell produces energy using an electrochemical reaction between oxygen 
and hydrogen. The fuel cell has a higher efficiency and lower emissions than diesel engines; 
however, it is too expensive for many applications.  
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4.3.5 Diesel generators model 
A diesel generator is a small combustion distributed generator with various power outputs from 
small units of 1 kW to large units of several tens of MW. The diesel generator is used in many 
applications because of its high efficiency and reliability. The diesel generator also has a fast 
dynamic response for disturbance rejection to cover any sudden changes in demand. However, 
the power cost and carbon dioxide emissions of a diesel generator are relatively higher than 
other distributed generators. The fuel cost of diesel generator power can be modelled as a 
quadratic polynomial according to 
 𝐶𝑑𝑔,𝑖 =∑𝛼𝑖 + 𝛽𝑖𝑃𝑑𝑔,𝑖 + 𝛾𝑖𝑃𝑑𝑔,𝑖
2
𝑁
𝑖=1
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The comparison between distributed generators is shown in Table 4-1. 
 
Table 4-1: Distributed generators compression [297]–[300] 
Criterion  Fuel cell Gas turbine   Diesel  
Efficiency over a 
wide range of loads 
Relatively flat Best at > 80%, very 
poor at partial load 
Best at > 75%, poor at 
partial load 
Response to load 
changes  
Slow at start-up Fast Good 
Life  5 years (goal) 20+ years 20+ years 
Noise vibration  Low  Medium  High  
Power range  20-2500 kW modular Up to 50 MW Up to 68 MW 
NOx, CO, HC 
emissions, CO2 
Very low, reduced 
CO2 
Medium, no CO2 
benefit 
Medium  
Life time in operation 
hours 
>2,000 >20,000 ~13,000 
Moving parts 
number of units  
Blower/pump Rotor only >50 
Thermal 
management 
Water cooled Exhaust emission Water cooled 
Onboard fluid 
storage  
Water antifreeze None Water antifreeze and 
lubricating oil  
Electrical generation  Yes Yes Yes 
Emission control 
treatment  
No  Yes Yes 
Freeze tolerant  No Yes Yes 
>60oC ambient 
operation  
Not proven Not proven yes 
Heat to power ratio  1.4 2.6 1.6 
 
4.4 Electric Vehicles Model 
The energy storage system is the powertrain of EVs, which have bidirectional power flow 
characteristics. Therefore, the EVs provide a great opportunity to discharge some power from 
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the energy storage system to synergize the distributed generators of the microgrid in balancing 
the net demand under the supervision of the intelligent controller. This feature could encourage 
the owners of the EVs to charge those vehicles at a low rate tariff, which normally occurs 
during light demand, and make it ready to discharge at high rate tariff which normally happens 
during high demand. Therefore, the owners of the EVs could make revenue money from 
charging and discharging those vehicles where the discharging rate is often higher than 
charging rate. Discharging the EVs helps the microgrid to maintain the stability and reliability 
of the system.  
The modelling of the EVs is intended primarily to follow the behaviour of drivers. Prediction, 
the discharging power of the EVs, depends mainly on the spatial characteristics of the EVs, the 
range of the discharging state of charge of the energy sources, and the required energy for the 
next journey of the EVs after being unplugged from the microgrid.  
The CSO is responsible for the centralised smart charger. The objective function of the CSO is 
either achieving a minimum charging cost of the EVs where 
 
Cost charge = ∑∑𝛼. 𝑠1. 𝜀1. 𝑃𝑐ℎ,𝑖𝑗. ∆𝑡. 𝐹. 𝜌. 𝐶𝑟𝑎𝑡𝑒,𝑝,𝑐ℎ
𝑁
𝑗=1
𝑡𝑑
𝑖=𝑡𝑎
+ 𝛼. 𝑠1. 𝜀2. 𝑄𝑐ℎ,𝑖𝑗. ∆𝑡. 𝐹. 𝜌. 𝐶𝑟𝑎𝑡𝑒,𝑞,𝑐ℎ 
4-13 
or achieving a maximum discharging cost of the EVs where  
 
Cost discharge
= ∑∑𝐷.𝛽. 𝑠2. 𝑃𝑑𝑖𝑠,𝑖𝑗. ∆𝑡. 𝐹. 𝐶𝑟𝑎𝑡𝑒,𝑝,𝑑𝑖𝑠
𝑁
𝑗=1
𝑡𝑑
𝑖=𝑡𝑎
+𝐷. 𝛽. 𝑠2. 𝑄𝑑𝑖𝑠,𝑖𝑗. ∆𝑡. 𝐹. 𝐶𝑟𝑎𝑡𝑒,𝑞,𝑑𝑖𝑠 
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Further information about the operation of the CSO, to optimise the charging and discharging 
power of EVs is provided in Chapter five.  
 
4.5 Electric Vehicles Charging-Discharging Limits 
The total number of EVs are distributed around the grid related to the geographical area based 
on the chosen location of the charging station system [166]. Two bus bars have been chosen to 
distribute aggregated EVs according to the effective location calculation based on voltage 
stability; these bus bars are the weakest bus bar and the lowest voltage profile bus bar. The EVs 
are considered to be mobile energy storage systems in this chapter, whereas the next chapter 
describes the status of each EV. Therefore, the EVs are represented as a group of storage energy 
systems connected to the bus bars.   
The amount of power that can be supplied to or from the EVs at a specific time is limited to 
the power amount stored in the resources of the EVs, which represents the power of the CSO 
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as one step behind the collective power of the EVs for the resilient process, can be determined 
by  
 𝑃𝐸𝑉𝑠(𝑡) = 𝑃𝑐𝑠𝑜(𝑡 − 1) 
4-15 
The measurements of charging or discharging are based on the state of charge level and specific 
rates.  
 
4.6 Cost formulation – Multiple Objective Definition 
Each type of distributed generator has a different operating cost based on the type of fuel, 
maintenance cost, and startup cost as follows: 
4.6.1 Microsources operating cost 
The operating cost of the microturbine and fuel cell usually includes fuel cost, maintenance 
cost, and startup/shutdown cost in ($/h) can be calculated as follows [289]:  
 𝐶𝐹(𝑃) =∑(𝐶𝑑𝑔,𝑖𝑃𝑑𝑔,𝑖 + 𝑂𝑀𝑑𝑔,𝑖 + 𝑆𝐶𝑑𝑔,𝑖)
𝑁
𝑖=1
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4.6.2 Fuel costs of Microturbines and fuel cells 
The fuel cost of the microturbine and fuel cell is calculated as [295]. 
 𝐶𝑀𝑇,𝑖 = 𝐶𝑛𝑙∑
𝑃𝐽
𝜂𝑙𝐽
𝐽
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4.6.3 Maintenance costs 
Maintenance costs of the microturbine, fuel cell and diesel generator are proportional to the 
supplied power, based on forecasting in a minimal real life situation of microsources.  Thus, 
the maintenance cost of unit 𝑖 in time interval 𝑡, which refers to accumulated power generated 
by a source time of the maintenance factor of that source, can be written as [287]. 
 𝑂𝑀𝑑𝑔,𝑖 = 𝐾𝑜𝑚∑𝑃𝑑𝑔,𝑖
𝑁
𝑖=1
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4.6.4 Startup costs 
The distributed generator start-up cost depends mainly on the time the unit has been off before 
it starts up again. The start-up cost of the distributed generators can be described as 
follows[301]: 
 𝑆𝐶𝑖,𝑡 = 𝐾𝑆𝐶𝑖(𝛿𝑑𝑔𝑖,𝑡 − 𝛿𝑑𝑔𝑖,𝑡−1) 
4-19 
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where 𝑆𝐶𝑑𝑔,𝑖,𝑡 ≥ 0 
 
 δdgi = {
1                if distributed generator is ON
0                                                      otherwise
 
 
 
4.6.5 Pollutants treatment costs 
The pollutants treatment cost of the microgrid can be described as two functions: the pollutants 
treatment cost and the carbon dioxide (CO2) treatment cost. The pollutants treatment cost 
includes sulphur dioxide (SO2) and nitrogen oxide (NOx). The equations to implement the 
pollutants treatment cost in the microgrid network are divided into two equations, as explained 
in the following: 
 𝐸(𝑃) = 𝐸1(𝑃) + 𝐸2(𝑃) 4-20 
 𝐸1(𝑃) =∑∑(𝐶𝑘𝛾𝑖𝑘)𝑃𝑑𝑔,𝑖 +∑(𝐶𝑘𝛾𝑔𝑟𝑖𝑑,𝑘)𝑃𝑔𝑟𝑖𝑑
𝑁
𝑘=1
𝑁
𝑘=1
𝑁
𝑖=1
 
4-21 
 𝐸2(𝑃) =∑∑(𝐶𝑐𝑜2𝛾𝑖𝑐𝑜2)𝑃𝑑𝑔,𝑖 +∑(𝐶𝑐𝑜2𝛾𝑔𝑟𝑖𝑑,𝑐𝑜2)𝑃𝑔𝑟𝑖𝑑
𝑁
𝑘=1
𝑁
𝑘=1
𝑁
𝑖=1
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Equation 4-21 refers to SO2 and NOx pollutants treatment cost whereas equation 4-22 refers to 
CO2 pollutants treatment cost. The weight coefficient of each one is different from the other as 
explained in the judgment matrix in the next section.  
 
4.7 Multiobjective Functions 
Multiobjective optimisation is a technique to find the optimum solution between different 
conflicting objectives, whereas there are no decision variables which can set all the objectives 
to function simultaneously. The multiobjective function is used to search the efficient decision 
variables for the optimisation function. A general mathematical formulation of multiobjective 
optimisation, which has n-dimensional decision variables, is expressed as follows.  
 min {𝑓1(𝑥), 𝑓2(𝑥), … , 𝑓𝑘(𝑥)} 
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 𝑠𝑢𝑏𝑗𝑒𝑐𝑡  𝑡𝑜  
𝑔𝑖(𝑥) ≤ 0, 𝑖 = 1,2, … , 𝑞
ℎ𝑗(𝑥) = 0, 𝑗 = 1,2, … , 𝑝
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where 𝑥 = (𝑥1, 𝑥2, … , 𝑥𝑛), is the n-dimensional decision variables 
𝑓𝑘(𝑥) is the k-th objective function 
𝑔𝑖(𝑥) ≤ 0 is inequality constraints  
ℎ𝑗(𝑥) = 0 is equality constraints 
There are different methods to solve multi-objective optimisation problems. One of them is the 
weighting method. The general idea of the weighting method is to associate each objective 
function with a weighting coefficient and minimise the weighted sum of the objectives. The 
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multiobjective roles in this approach are transformed into a single objective function [302], 
[303].   
Mathematically, the economic dispatch/environmental pollutants of the microgrid problem are 
considered in this study. The mathematical equation is formulated to find output power of each 
distributed generator according to the lowest operation cost, the lowest environment pollutions 
treatment cost (sulphur dioxide SO2 and nitrogen oxide NOx), and the lowest carbon dioxide 
(CO2) emission treatment cost of the generation unit, as modelled by. 
 
Minimise objective function
=  ∑{𝑤1(𝐶𝐹(𝑃(𝑡)) + 𝛿𝑔𝑃𝑔𝑟𝑖𝑑(𝑡))
𝑡
+ 𝑤2𝐸1(𝑃(𝑡)) + 𝑤3𝐸2(𝑃(𝑡))} 
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where 𝑤1, 𝑤2, 𝑤3 are the weight coefficients of the fuel cost, pollutant treatment cost, and 
carbon dioxide treatment cost objective functions respectively.  
The criteria to calculate the judgment matrix of the objective function are based on the intensity 
of importance among the various objectives according to the Analytic Hierarchy Process 
(AHP), analytically proposed in [304], which is shown in Table 4-2. The effectiveness scale of 
judgment matrix has validated through theoretical justification of what scale one must use in 
the comparison of homogeneous elements in addition to many applications by a number of 
people [304, Ch. 1].   
Table 4-2: The criteria of the judgment matrix 
 
Intensity of 
Importance 
Definition  
Explanation  
1.  1 
Equal Importance  Two activities contribute equally to 
the objective. 
2.  2 
Weak Two activities contribute slightly 
equally to the objective. 
3.  5 
Strong Importance  Experience and judgment strongly 
favour one activity over another. 
 
Reciprocals of 
above  
If activity x has one of the 
above values assigned to it 
when compared with activity 
y, then y has reciprocal value 
when compared with x. 
 A reasonable assumption. 
 Rationales  
Ratios arising from the scale If consistency were to be forced by 
obtaining n numerical values to span 
the matrix. 
 
The objective function is classified into three levels; operating cost as the first level, carbon 
dioxide treatment cost as the second level, and pollutants treatment cost as the third level. The 
rank of the criteria subjective is explained below:  
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 The operating cost is five time as important as the pollutants treatment cost. 
 The operating cost is three time as important as the carbon dioxide treatment cost. 
 The pollutants treatment cost is twice as important as the carbon dioxide treatment cost. 
The judgment values of the criteria subjective matrix J 4-26 are 𝑤1 = 0.64833, 𝑤2 = 0.22965, 
and 𝑤3 = 0.12202. 
 𝐽 = [
1 3 5
1
3⁄ 1 2
1
5⁄
1
2⁄ 1
] 4-26 
 
4.8 Constraint Formulation  
The objective function of the optimisation problem is subject to the following: 
 
4.8.1 Generation and consumption balance 
The microgrid operator should balance between the total load demand and the total power 
generation, as represented by 
 ∑(𝐶𝐹(𝑃(𝑡)) + 𝛿𝑔𝑃𝑔𝑟𝑖𝑑(𝑡)) = 𝑃𝑑(𝑡)
𝑡
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4.8.2 Ramp rate limit 
The ramp rate refers to the changing distributed generators output in megawatts per minutes. 
The ramp rate should be met at each sampling time, as expressed by 
 −𝐷𝑅𝑖∆𝑇 ≤ 𝑃𝑖(𝑡 + 1) − 𝑃𝑖(𝑡) ≤ 𝑈𝑅𝑖∆𝑇 
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4.8.3 Generating capacity 
For stable operation, each distributed generator should limit the output power according to its 
capacity, as shown by.  
 𝑃𝑖,𝑚𝑖𝑛(𝑡) ≤ 𝑃𝑖(𝑡) ≤ 𝑃𝑖,𝑚𝑎𝑥(𝑡) 
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4.8.4 Exchange power with utility grid 
The power is exchanged between the microgrid and UG at connected mode bidirectionally 
where each direction, either purchasing or selling, has its tariff and limits. The market operator 
at the primary control level is responsible for identifying the different tariff rates of the power 
direction mode during a day through all operators. It is not possible to purchase and sell at the 
same time. Therefore, binary numbers 𝛿𝑢𝑔,𝑏(𝑡) ∈ {0, 1} and 𝛿𝑢𝑔,𝑠(𝑡) ∈ {0, 1} are introduced to 
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selling and purchasing modes where, 𝛿𝑢𝑔,𝑏(𝑡) + 𝛿𝑢𝑔,𝑠(𝑡) = 1. The exchange power between 
the microgrid and UG can be represented by 
 {
𝑃𝑔,𝑠𝑚𝑖𝑛(𝑡) ≤ 𝑃𝑔,𝑠(𝑡) ≤ 𝑃𝑔,𝑠𝑚𝑎𝑥(𝑡)
𝑃𝑔,𝑏𝑚𝑖𝑛(𝑡) ≤ 𝑃𝑔,𝑏(𝑡) ≤ 𝑃𝑔,𝑏𝑚𝑎𝑥(𝑡)
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4.8.5 Charging stations limit 
The battery state at each sampling time can be represented based on the state of charge into 
either the charging, discharging, or not, act. The decision of battery states is made by the CSO 
depending on how many EVs are connected to the network at a particular time, the resources 
capacity of each EV, and the state of charge of the resources. The objective function of the 
discharging mode is formulated to obtain the maximum discharging power cost as follows: 
 𝑃𝐸𝑉𝑠,𝑚𝑖𝑛(𝑡) ≤ 𝑃𝑐𝑠𝑜,𝑖(𝑡) ≤ 𝑃𝐸𝑉𝑠,𝑚𝑎𝑥(𝑡) 
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4.8.6 Emissions limit 
The total environment pollutants should not exceed the certain limit for each distributed 
generator, as follows: 
 ∑𝐸𝑖(𝑃(𝑡)) ≤ 𝐿𝑖
𝑖
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4.8.7 Start and stop limit 
For the stable operation of the distributed generators, start-ups of each distributed generator 
should be limited to a certain number based on distributed generator type, as follows: 
 ∑𝑁𝑠𝑡𝑎𝑟𝑡−𝑠𝑡𝑜𝑝,𝑖 ≤ 𝑁𝑠𝑡𝑎𝑟𝑡−𝑠𝑡𝑜𝑝,max 
𝑖
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4.9 The Mathematical Model of the Microgrid Optimisation Problem 
The optimisation problem of the distributed generators deals with nonlinear, nonconvex, and 
high dimensional problems; it also deals with the unit commitment problem.  The achievement 
should be a balance between the supply of the 13 distributed generators, CSO operation, 
exchange power with the UG, and consumer electrical demand, with the lowest cost of 
operation and pollutants treatment. The cost functions of the microturbine and fuel cell are 
linear, whereas the cost functions of the diesel generator and UG are nonlinear. Therefore, the 
cost of power generating is an intersection at some points, i.e. the UG has the lowest cost 
between 24:00 and 6:00 whereas the microturbine has less cost than the fuel cell below 35 kW. 
The main UG is treated as another source connected to the microgrid, with its operation prices 
and pollutants treatment in the optimisation problem. It also balances the difference between 
consumer demand and the microsources output power, whenever the distributed generators are 
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unable to cover consumer demand. On the other hand, the microgrid distributed generators 
could operate as a stability balance of the UG whenever the voltage and frequency stability 
oscillates near to collapse point, in order to enhance the stability margin. The microgrid could 
purchase or sell the power to the UG based on the power availability, and minimum operation 
cost and pollutants treatment cost of the distributed generators. However, the tariff of selling 
power and purchasing power could be either variable during the time of day, based on the UG 
price policy, wherever the selling power is cheaper or more expensive than the purchasing 
power, or at a similar rate. The states between the microgrid and the UG could be either 
exchange power from the microgrid to the UG (buying power) or exchange power from the 
UG to the microgrid (selling power) as formulated in the following:  
 𝐹𝑢𝑔,𝑏(t) = 𝐶𝑢𝑔,𝑏(t)𝑃𝑢𝑔,𝑏(𝑡)𝛿𝑢𝑔,𝑏(𝑡) 
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 𝐹𝑢𝑔,𝑠(t) = 𝐶𝑢𝑔,𝑠(t)𝑃𝑢𝑔,𝑠(𝑡)𝛿𝑢𝑔,𝑠(𝑡) 
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 If there is no exchange power between the microgrid or the UG this means that either the point 
of common coupling isolates both systems from each other or the microgrid covers itself with 
cheaper operating cost than the UG without penalty of power to sell. The constraint of selling 
and buying power is stated by 
 {
𝛿𝑢𝑔,𝑏(𝑡)𝑃𝑢𝑔𝑚𝑖𝑛,𝑏(𝑡) ≤ 𝑃𝑢𝑔,𝑏(𝑡) ≤ 𝛿𝑢𝑔,𝑏(𝑡)𝑃𝑢𝑔𝑚𝑎𝑥,𝑏(𝑡)
𝛿𝑢𝑔,𝑠(𝑡)𝑃𝑢𝑔𝑚𝑖𝑛,𝑠(𝑡) ≤ 𝑃𝑢𝑔,𝑠(𝑡) ≤ 𝛿𝑢𝑔,𝑠(𝑡)𝑃𝑢𝑔𝑚𝑎𝑥,𝑠(𝑡)
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The binary variable 𝛿𝑢𝑔,𝑏 is activited at the buying mode whereas the binary variable 𝛿𝑢𝑔,𝑠 is 
activated at the selling mode, as determined by the following: 
 𝛿𝑢𝑔,𝑏 = {
1                      𝑖𝑓 𝑏𝑢𝑦𝑖𝑛𝑔 𝑚𝑜𝑑𝑒 𝑖𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
0                                                       𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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 𝛿𝑢𝑔,𝑠 = {
1                      𝑖𝑓 𝑠𝑒𝑙𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑒 𝑖𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
0                                                      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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To prevent activating both modes at same time, the extra condition of limited 𝛿𝑢𝑔,𝑏 and 𝛿𝑢𝑔,𝑠 
to one is activated in the calculation, as follows: 
 
𝛿𝑢𝑔,𝑏(𝑡) + 𝛿𝑢𝑔,𝑠(𝑡) = 1  , 𝛿𝑢𝑔 ∈ {0, 1}  
 
4-39 
The EVs have dual functions from the view of the optimisation problem, as either electrical 
demand or resources. The CSOs send the states of the connected EVs to the MGO, such as the 
total electrical demand required to charge them as well as the available power that could be 
discharged from them. The MGO collects the information from all CSOs within the microgrid. 
The discharging decision is taken based on the voltage variation, frequency variation, or both. 
After activating the discharging option, the MGO treats the CSOs as a source of power. 
Therefore, the power available on the EVs connected at CSOs competes with other distributed 
generators according to the objective function. The CSO’s formula includes the operation cost 
where the emission cost is equal to zero, as modeled by 
 𝐹𝑐𝑠𝑜(t) = (𝐶𝑢𝑔,𝑠(𝑡)𝛿𝑐𝑠𝑜,𝑑(𝑡) + 𝐶𝑢𝑔,𝑏(𝑡)𝛿𝑐𝑠𝑜,𝑐(𝑡))𝑃𝑐𝑠𝑜,𝑖(𝑡) 
4-40 
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 To divert between the charging and discharging operation of the CSO, other binary terms are 
included in the formula, which are 𝛿𝑐𝑠𝑜,𝑑 for discharging operation and 𝛿𝑐𝑠𝑜,𝑐 for charging 
operation, as reveled in the following:  
 𝛿𝑐𝑠𝑜,𝑑 = {
1                   𝑖𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑚𝑜𝑑𝑒 𝑖𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
0                                                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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 𝛿𝑐𝑠𝑜,𝑐 = {
1                         𝑖𝑓 𝑐ℎ𝑎𝑟𝑔𝑒 𝑚𝑜𝑑𝑒 𝑖𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
0                                                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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whereas the sum of these terms do not exceed one, as follows: 
 𝛿𝑐𝑠𝑜,𝑑(𝑡) + 𝛿𝑐𝑠𝑜,𝑐(𝑡) = 1  , 𝛿𝑐𝑠𝑜 ∈ {0, 1}  
4-43 
Further detail about CSOs is available in the next chapter.  
The fuel consumption rate of distributed generators is expressed by the following: 
 𝐹𝑑𝑔(t) = 𝐶𝑑𝑔(t)𝑃𝑑𝑔(𝑡)𝛿𝑑𝑔(𝑡) 
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where 𝛿𝑑𝑔 = {
1             𝑖𝑓𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖𝑠 𝑂𝑁
0                                                      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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 𝛿𝑑𝑔 ∈ {0, 1} 
 
 
The unit commitment application is applied to schedule the distributed generator operation at 
every period of the executed optimisation algorithm. It is introduced as a binary variable 𝑢𝑎 to 
express the logical statement of the unit commitment implementation, which is applied as 
shown in Equations 4-46 and 4-47. It is not logical to implement and not implement the unit 
commitment strategy at the same time. Therefore, another term implemented to verify one 
condition of unit commitment is applied by the following: 
Where 𝑢𝑎 = {
1                     𝑖𝑓 𝑢𝑛𝑖𝑡 𝑐𝑜𝑚𝑚𝑖𝑡𝑚𝑒𝑛𝑡 𝑖𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
0                                                              𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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 𝑢𝑛 = {
1              𝑖𝑓 𝑢𝑛𝑖𝑡 𝑐𝑜𝑚𝑚𝑖𝑡𝑚𝑒𝑛𝑡 𝑖𝑠 𝑛𝑜𝑡 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
0                                                                𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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 𝑢𝑎(𝑡) + 𝑢𝑛(𝑡) = 1  , 𝑢 ∈ {0, 1} 4-48 
According to the previous explanation of microgrid equipment operation, the proposed cost 
function of the microgrid in connected mode with distributed generators, CSOs, UG, and unit 
commitment consideration, is formulated to minimise the operation cost and treatment 
pollution cost of the microgrid as follows 
130 Chapter Four: Optimal Operation of Microgrids 
 
 
𝐶𝐹(𝑃) = 𝑤1 (∑∑(𝑢𝑎𝛿𝑑𝑔,𝑖,𝑡 + 𝑢𝑛)(𝐹𝑑𝑔,𝑖,𝑡 + 𝑂𝑀𝑑𝑔,𝑖,𝑡 + 𝑆𝐶𝑑𝑔,𝑖,𝑡) + 𝐹𝑐𝑠𝑜,𝑖,𝑡
𝑁
𝑖=1
24
𝑡=1
+ 𝐹𝑢𝑔,𝑡𝛿𝑢𝑔,𝑡)
+∑(∑∑(𝑢𝑎𝛿𝑑𝑔,𝑖,𝑡 + 𝑢𝑛) ((𝑤2𝐶𝑘𝛾𝑖𝑘 + 𝑤3𝐶𝑐𝑜2𝛾𝑖𝑐𝑜2)𝑃𝑑𝑔,𝑖,𝑡)
𝑁
𝑘=1
𝑁
𝑖=1
24
𝑡=1
+∑(𝑤2𝐶𝑘𝛾𝑔𝑟𝑖𝑑,𝑘 + 𝑤3𝐶𝑐𝑜2𝛾𝑔𝑟𝑖𝑑,𝑐𝑜2)𝑃𝑔𝑟𝑖𝑑,𝑡𝛿𝑢𝑔,𝑡
𝑁
𝑘=1
) 
4-49 
4.10 Case Study 
A case study can offer a useful insight to simplify a very complex problem by focusing on the 
snapshot operation of a typical network. Figure 3-6 shows the distribution network under study. 
It consists of seven feeders and 49 bus bars to supply the electrical loads of a local community 
in the City of Baghdad. As the typical loading profiles and line impedances of the network are 
readily available to the author, it presents a realistic case study for the investigation of the 
integration of EVs. Thirteen distributed generators are integrated within the case study to cover 
the local demand. The distributed generators comprise one diesel generator, three fuel cells, 
four microturbines and five photovoltaic cells, as well as two EV charging stations. 
 
4.10.1 Load curve 
The typical aggregated daily load curve pattern of the microgrid network under study and based 
on appliances ownership is shown in Figure 4-9 [19]. The figure shows that the load demand 
is minimum at night, then increases during the early morning gradually until reaching daily 
peaks at 12:00 and 17:00 respectively. There is some fluctuation in demand during the daytime. 
The range of demand is between 355.5620 kW at 2:30 and 682.1000 kW at 12:30. 
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Figure 4-9: Daily load curve (Experimental Data with Linear Interpolation) [19] 
4.10.2 Distributed generators selection 
Generally, the load of the distribution network is classified into four classes: industrial, large 
commercial, small commercial, and residential, according to their contracted power. 
Furthermore, the load in the microgrid can be classified into sensitive and non-sensitive loads, 
according to power supply reliability. The distributed generator selected should meet the 
sensitive load in island mode. In the grid-connected mode, the energy sources and exchange 
power with the UG should meet all the demand (sensitive or non-sensitive). According to 
Figure 4-10, the solid oxide fuel cell has a much better efficiency than the micro gas turbine 
for the range of 10-100 kW. The gas and diesel motors work in the range of 90-20,000 kW but 
with a lower efficiency than the solid oxide fuel cell and a better efficiency than the micro gas 
turbine. This study is focused on distributing small, differently distributed generators to a 
specific location to meet the total demand of the microgrid. Because the wind turbine is not 
efficient in the Baghdad area, it is discarded from this study. The power range location of 
distributed generators is chosen based on the voltage stability distributed location algorithm, 
as shown in Table 3-1 and Table 4-3. The parameters of the distributed generators are shown 
in Table 4-4. 
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Table 4-3: Distributed generators’ type, range, and location 
 Type Power range (kW) 
Number of bus 
bars 
1.  Photovoltaic cell 0 ≤ 𝑃𝑃𝑉 ≤ 50 17, 20, 24, 34, 32 
2.  Solid oxide fuel cell 0 ≤ 𝑃𝐹𝐶 ≤ 50 16, 23, 45 
3.  Micro gas turbine 0 ≤ 𝑃𝑀𝑇 ≤ 75 10, 15, 25, 39 
4.  Diesel generator 25 ≤ 𝑃𝐷𝐸 ≤ 250 18 
5.  Utility grid −200 ≤ 𝑃𝑈𝐺 ≤ 200 1 
 
Table 4-4: Parameter constant of the grid equipment [104], [287], [288], [302], [303], [305]. 
  
FC 
parameters 
MT 
parameters 
DE 
parameters 
UG 
parameters 
PV 
parameters 
Emission 
type 
Pollutant 
disposal 
coefficient 
($/kg) 
Pollutant 
Emission 
coefficient 
(g/kWh) 
Pollutant 
Emission 
coefficient 
(g/kWh) 
Pollutant 
Emission 
coefficient 
(g/kWh) 
Pollutant 
Emission 
coefficient 
(g/kWh) 
Pollutant 
Emission 
coefficient 
(g/kWh) 
NOx 9.34 0.01 0.2 9.89 1.6 0 
SO2 2.21 0.003 0.0036 0.206 1.8 0 
CO2 0.032 489 724 649 889 0 
Other parameters 
Fuel cost 
($/kWh) 
/ 0.0294 0.0457 
𝛼 = 0.4 
𝛽 = 0.0185 
𝛾 = 0.0042 
See 
Figure 4-11 
0.024 
Kom 
($/kWh) 
/ 0.00419 0.00587 0.01258 / 0.001 
𝐊𝐒𝐂𝐢 ($) / 0.96 1.65 1.75 / 0 
 
 
Figure 4-10: Type and efficiency of distributed generator [306] 
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4.11 Case Study Results 
Based on the proposed modelling concept, there are many scenarios which can be considered 
when studying the microgrid states. However, there are two main scenarios for microgrid 
operation which are either working at isolated mode or working in connected mode. Both 
scenarios have two cases: the microgrid operating either with or without unit commitment 
strategy. The main objective function minimises the operation cost and the treatment pollutant 
cost of the microgrid with different weight; the operation cost has a higher weight than the 
pollutants treatment cost. Therefore, the results are classified into two scenarios each with two 
cases, as described below: 
1. Scenario one: Isolated mode optimisation including operation and pollutants treatment 
policy. 
(i) Case one: Minimum operational and pollutants treatment policy with unit commitment 
consideration. 
(ii) Case two: Minimum operational and pollutants treatment policy without unit commitment 
consideration. 
2. Scenario Two: Connected mode optimisation including operation and pollutants 
treatment policy. 
(i) Case one: Minimum operational and pollutants treatment policy of microgrid with unit 
commitment consideration. 
(ii) Case two: Minimum operational and pollutants treatment policy of microgrid without unit 
commitment consideration. 
The power tariff has been chosen based on the time of the day, which starts with a lower price 
during the night, then increases rapidly in the early morning. The tariff is increased gradually 
until reaching a maximum at midday which is 0.286 ($/kWh). After midday, the tariff starts to 
reduce gradually until reaching a minimum at midnight; then it is kept constant until early 
morning, as shown in Figure 4-11.  
 
Figure 4-11: Proposed Utility Grid Tariff 
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4.11.1 Scenario one: Isolated mode optimisation including operation and 
pollutants treatment policy 
This scenario has two cases of operation based on either considering a unit commitment 
strategy in operating the distributed generators or not considering it, as follows:  
(I) Case one: Minimum operational and pollutants treatment policy with unit 
commitment consideration.  
The microgrid in isolated mode should cover all sensitive demands without any exchange 
power with the UG, where the point of common coupling has isolated the microgrid from the 
UG. The proposed cost function of the microgrid in an isolated mode with unit commitment 
consideration is formulated by follows: 
 
𝐶𝐹(𝑃) = 𝑤1 (∑∑(𝑢𝑎𝛿𝑑𝑔,𝑖,𝑡)(𝐹𝑑𝑔,𝑖,𝑡 + 𝑂𝑀𝑑𝑔,𝑖,𝑡 + 𝑆𝐶𝑑𝑔,𝑖,𝑡) + 𝐹𝑐𝑠𝑜,𝑖,𝑡
𝑁
𝑖=1
24
𝑡=1
)
+∑(∑∑(𝑢𝑎𝛿𝑑𝑔,𝑖,𝑡) ((𝑤2𝐶𝑘𝛾𝑖𝑘 + 𝑤3𝐶𝑐𝑜2𝛾𝑖𝑐𝑜2)𝑃𝑑𝑔,𝑖,𝑡)
𝑁
𝑘=1
𝑁
𝑖=1
)
24
𝑡=1
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Figure 4-12 shows the hourly optimal power schedule of distributed generators in isolated 
mode with unit commitment consideration. The photovoltaic panels worked for the period 
between 6:00 and 19:00 at different power output based on sun radiation; the fuel cells and 
photovoltaic panels covered the base load of the microgrid, whereas microturbines covered the 
medium demand of the load curve. The diesel generator covered the peak demand of the load 
curve to balance the demand and maintain the voltage and frequency at a certain level. 
Figure 4-13 reveals the hourly operating cost of the distributed generators, pollutants treatment 
cost, and the carbon dioxide treatment cost of the microgrid in isolated mode with unit 
commitment consideration. The total operation and emission costs are presented in Table 4-5, 
whereas the ON-OFF states of distributed generators operation over a day are shown in 
Apx_Table I-1 in the Appendix I. 
The price change is based on the demand and type of the distributed generators. Most of the 
load is supplied from photovoltaic panels, fuel cells, and microturbines respectively. Due to 
the intermittent nature of renewable energy sources and considering unit commitment strategy, 
the voltage has some variations during the peak demand of the load curve. Therefore, either 
the CSOs or diesel generator should supply power to balance the demand and keep the voltage 
and frequency at the fundamental limit. The MGO decides which source should operate based 
on the availability and total cost of operation and emission treatment. The CSOs deliver power 
cheaper than the diesel generator with zero emission. Therefore, the CSOs have priority to 
balance the load in case the power from connected EVs is available to discharge.  There are 74 
EVs at each CSS that could deliver power to the network at voltage deviation times. The CSOs 
distribute the discharging period among the EVs until maintaining the voltage value of the 
system. Therefore, the CSOs deliver about 58.355 kW at 12:00 and 52.485 kW at 12:30, 
whereas the diesel generator is shut down while operating the CSOs. In case the power of the 
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CSOs is not enough to make the system stable, then the MGO should operate the diesel 
generator to cover the rest of the demand. 
The significant increase in price occurs at 20:00 due to missing the sun’s radiation, which leads 
to use of the diesel generator instead of the photovoltaic cells to supply the demand. Figure 4-13 
shows the difference in using the diesel generator instead of the CSOs to compensate the 
voltage stability, where using the diesel generator recorded a higher price than using the CSOs. 
 
 
Figure 4-12: Hourly optimal power schedule of DGs under isolated mode with UC consideration 
(Simulated results). 
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Figure 4-13: Hourly total DGs operating cost under isolated mode with UC consideration (Simulated 
results). 
Table 4-5: Daily cost of total DGs operating cost under isolated mode with UC consideration 
 
Daily operation cost 
($) 
Daily emission 
treatment cost ($) 
Daily overall cost 
($) 
Without EVs 1000.9424 279.146 1280.088 
With EVs 999.9678 272.850 1272.818 
 
(II) Case Two: Minimum operational and pollutants treatment policy without unit 
commitment consideration. 
Without applying a unit commitment policy, all generators should work at minimum generation 
level. The diesel generator, which is a most expensive distributed generator, could not be run 
without electricity due to its manufacture. The diesel generator supplies its minimum power, 
and the rest of the distributed generators cover the residual of the power demand. The proposed 
cost function of the microgrid in isolated mode without considering unit commitment is 
formulated by follows: 
 
𝐶𝐹(𝑃) = 𝑤1 (∑∑(𝑢𝑛)(𝐹𝑑𝑔,𝑖,𝑡 + 𝑂𝑀𝑑𝑔,𝑖,𝑡 + 𝑆𝐶𝑑𝑔,𝑖,𝑡) + 𝐹𝑐𝑠𝑜,𝑖,𝑡
𝑁
𝑖=1
24
𝑡=1
)
+∑(∑∑(𝑢𝑛) ((𝑤2𝐶𝑘𝛾𝑖𝑘 + 𝑤3𝐶𝑐𝑜2𝛾𝑖𝑐𝑜2)𝑃𝑑𝑔,𝑖,𝑡)
𝑁
𝑘=1
𝑁
𝑖=1
)
24
𝑡=1
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Figure 4-14 depicts the hourly optimal power schedule of DGs.  
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The base demand is covered by a minimum range of the diesel generator, fuel cells and 
photovoltaic cells, whereas the medium demand is covered by the microturbines. The 
microturbines and diesel generator supply the peak demand of the load curve. The photovoltaic 
cells supply power during the sun period, i.e. between 6:00 and 19:00 at varied levels of power 
output. All the distributed generators worked during the highest power demand which is from 
12:00 to 13:30. Therefore, the voltage and frequency are both stable around the fundamental 
value. Thus, there is no need to use CSOs. Figure 4-15 reveals the total hourly operation and 
pollutants treatment cost of the islanded microgrid without considering unit commitment 
operation. The operation, emission, and total cost of the distributed generators are shown in 
Table 4-6. The daily operating cost of the islanded microgrid without unit commitment 
operation recorded a higher cost than the daily operating cost of the islanded microgrid with 
unit commitment operation, due to the obligation of continuous operation of DGs at minimum 
capacity. The maximum value of the operating and pollutant treatment cost occurs at from 
20:00 to 21:30, which is a relatively large demand without photovoltaic cells’ generation. 
 
 
Figure 4-14: Hourly optimal power schedule of DGs under isolated mode without UC consideration 
(Simulated results). 
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Figure 4-15: Hourly total DGs operating cost under isolated mode without UC consideration 
(Simulated results) 
Table 4-6: Daily cost of total DGs operating cost under isolated mode without UC consideration 
Daily operation cost ($) Daily emission treatment cost ($) Daily overall cost ($) 
1072.063 312.3431 1384.407 
 
4.11.2 Scenario two: Connected mode optimisation including operation and 
pollutants treatment policy 
This scenario also has two cases based on either considering unit commitment strategy in 
operating the distributed generators or not considering it, as follows: 
(I) Case one: Minimum operation and pollutant treatment policy of microgrid with grid 
connected mode operation and unit commitment consideration.  
The operation of the microgrid in connected mode is expressed as the island mode connected 
to the infinite bus. Therefore, there is a penalty of power which could move bidirectionally 
between the microgrid and the UG. The direction of power is decided according to the 
cooperation between the DMS in DNO and MGO and according to availability, requirement 
and total cost. Monitoring the voltage, frequency and surplus power of the distributed 
generators are the primary factors to find either the availability or required power. The cost 
comparison of the objective function determines whether to sell or buy the electricity between 
the microgrid and the UG. The proposed cost function of the microgrid in connected mode with 
unit commitment consideration is formulated by follows: 
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The equation includes the operation cost, maintenance cost, and start-up cost of DGs which are 
affected by unit commitment factor and weighted to the first judgment value of the criteria 
subjective matrix after accumulating the cost of CSO and UG. The pollutant treatment cost and 
carbon dioxide emission cost of the DG at the microgrid and UG are weighted to second and 
third judgment values of the criteria subjective matrix, whereas the pollutant treatment cost and 
Carbon dioxide emission cost of the MG are affected by unit commitment strategy. 
Figure 4-16 shows the hourly optimal schedule power of distributed generators and exchange 
power with the UG. The tariff of the UG is less than other distributed generators between the 
periods of 1:00 and 6:00. Therefore, the UG covered most of the electrical demand reaching 
the upper limit of the UG constraint. After 6:00 the UG tariff increased nonlinearly until 
reaching a maximum at midday. Therefore, the curve cost of the power generation of 
distributed generations and UG intersect according to the power amount.  
The objective function of the optimisation problem decides the sufficient power amount to buy 
or sell from the microgrid. At peak demand, the tariff of the utility grid is higher than other 
distributed generators; however, there is not enough power to sell. Therefore, voltage and 
frequency oscillation could happen in the microgrid. At peak load, voltage variation happens.  
Therefore, the MGO permits the CSOs to supply power stored in the storage energy system of 
the EVs. The operation of the supplier is classified according to the UG tariff. The UG is the 
main supply from 1:00 to 6:00 whereas the fuel cells and microturbines supply the rest of the 
demand according to the objective function of the optimisation problem. After 6:00 the 
photovoltaic cells and fuel cells cover the based demand, whereas the microturbines cover the 
medium demand. Furthermore, the diesel generator cover the peak demand and selling power 
to the UG. Between  8:00 and 9:00, the UG and fuel cells cover the base demand, whereas the 
microturbine and diesel generator cover the medium load and peak load respectively. After 
9:00, the UG covers the base and medium demand, whereas the fuel cells and microturbines 
cover the rest of the load according to the objective function of the optimisation problem.   
Figure 4-17 depicts the whole hourly operation and pollutant treatment cost of the connected 
microgrid when considering unit commitment operation. The operation, emission, and total 
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cost of the microgrid are shown in Table 4-7. The total price of the connected mode is 
significantly lower than the islanded mode. The highest value of the operating and pollutant 
treatment cost occurs at between 20:00 and 21:30, which is a relatively high demand without 
photovoltaic panels and without selling power to the UG. The total cost of the CSOs is slightly 
better than replacing them with the diesel generator. At high penetration of the EVs, the cost 
difference between using CSOs and the diesel generator become clear as the diesel generator 
cost curve is quadratic which increases nonlinearly when power is increased. The ON-OFF 
states of distributed generators’ operation during a day are shown in Apx_Table I-2 in the 
Appendix I. 
 
Table 4-7: Daily cost of total DGs’ operating cost under grid connected mode with UC consideration 
 
Daily operation cost 
($) 
Daily emission 
treatment cost ($) 
Daily overall cost 
($) 
Without EVs 667.46276 291.488 958.9503 
With EVs 666.4882 285.192 951.6803 
 
 
Figure 4-16: Hourly optimal power schedule of DGs and exchange power with UG under grid 
connected mode with UC consideration and pollutant treatment consideration (Simulated results). 
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Figure 4-17: Hourly total DGs operating cost under grid connected mode with UC consideration and 
emission consideration (Simulated results). 
(II) Case two: Minimum operational and pollutant treatment policy of microgrid with 
grid connected mode operation and without unit commitment consideration.  
Microgrid operation at the connected mode with discarded unit commitment, make all the 
distributed generators work at a minimum generation. The proposed cost function of the 
microgrid in connected mode with unit commitment consideration is formulated by follows: 
 
𝐶𝐹(𝑃) = 𝑤1 (∑∑(𝑢𝑛)(𝐹𝑑𝑔,𝑖,𝑡 + 𝑂𝑀𝑑𝑔,𝑖,𝑡 + 𝑆𝐶𝑑𝑔,𝑖,𝑡) + 𝐹𝑐𝑠𝑜,𝑖,𝑡 + 𝐹𝑢𝑔,𝑡𝛿𝑢𝑔,𝑡
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Figure 4-18 shows the same behaviour from the resources connected at the microgrid of the 
previous scenario except for the continuous operation of the diesel generator due to the 
constraint of providing minimum power. Therefore, the total cost of daily operation of the 
microgrid would be higher than the previous state, as shown in Table 4-8, which is depicted in 
Figure 4-19. The microgrid is a more stable option due to the penalty of power available. 
Therefore, there is no permission to operate CSOs as resources in the microgrid. 
Table 4-8: Daily cost of total DGs’ operating cost under grid connected mode without UC 
consideration 
Daily operation cost ($) Daily emission treatment cost ($) Daily overall cost ($) 
710.375 322.430 1032.805 
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Figure 4-18: Hourly optimal power schedule of DGs and exchange power with UG under grid 
connected mode without UC consideration and emission consideration (Simulated results). 
 
Figure 4-19: Hourly total DGs operating cost under grid connected mode without UC consideration 
and emission consideration (Simulated results) 
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4.12 Conclusion 
The main function of the microgrids is balancing the electrical generation and load to keep the 
system stable and reliable. The power generation of the microgrid consists of many distributed 
generators that use different types of fuel and have different emission levels of pollution. Each 
distributed generator is implemented as a mathematical model relevant to the optimisation 
problem. The cost of the electricity unit of the distributed generators is variable depending on 
the many constraints that limit the operation of the distributed generators. The fuel cost, 
maintenance cost, start-up cost, and the emission treatment cost for each distributed generator 
have justified the price of the electricity unit per time. The Nitrogen oxide, Sulphur dioxide, 
and Carbon dioxide emissions are the major polluting emissions from the distributed 
generators, which should be treated to save the environment.  The cheapest operation resources 
among the distributed generators are renewable energy, such as photovoltaic panels and wind 
turbines that have zero emission pollutants. However, the renewable energy could not cover 
the load over the entire day because of the weather changing situation, such as day or night, 
windy weather or not windy weather, in addition to the intermittent nature of available sources, 
such as cloudy weather and low wind speed. Therefore, many distributed generators synergize 
the renewable energy to balance the load and keep the system stable. 
The operation of distributed generators, the multiobjective optimisation function using 
MATLAB environment, Matpower package, and Cplex software is demonstrated to optimise 
the power generation of the distributed generators at minimum cost and minimum pollutants 
treatment. Some distributed generators have quadratic equation characteristics to estimate the 
fuel consumption cost of the electricity unit. Therefore, a mixed integer quadratic function is 
used to solve the optimisation problem. The tariff of the electricity unit has been chosen as 
variable over a day. The results are arranged as in operation mode – either islanding or 
connecting.  
For both modes, two operations of distributed generators are represented, which are operating 
the microgrid either with or without unit commitment strategy. Generally, the priority of 
generating power is given to the renewable energy resources as they produce the cheapest 
energy without emissions. The fuel cells, microturbines and diesel generator produce the rest 
of the load respectively. The cost of the generation increases rapidly when the diesel generator 
supplies the load. Due to the described development of the intermittency of photovoltaic cells, 
there is a voltage deviation happening in the system around midday during the heavy loads 
period without operating the diesel generator.  
EVs are demonstrated as being mobile energy storage to compensate the intermittency of 
renewable energy at a frequency and/or voltage deviation. At the time of voltage deviation, the 
CSOs inform the MGO that it has 74 EVs, which have surplus power to discharge, connected 
to each charging station. The MGO calculates the power ratio of discharging EVs to balance 
the demand. The CSOs distribute to the power ratio of discharging among the EVs based on 
the capacity, state of charge, desired leaving the state of charge of energy storage. The result 
of the generation cost of island mode considering a unit commitment strategy shows that using 
the surplus power of the EVs reduces the cost of power better than using the diesel generator 
to balance the load. Excluding unit commitment strategy increases the cost of the microgrid 
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operation for the same load. However, the system with an applied unit commitment strategy is 
more stable than without it because the diesel generator covers the intermittency of the 
renewable energy directly.  
Regarding the relationship between power and fuel cost of distributed generators in connected 
mode, the photovoltaic cells, fuel cells and microturbines have linear characteristics, whereas 
the UG and distributed generator have nonlinear characteristics.  From midnight until early 
morning the cost of the power generation of the UG is cheaper than other distributed generators; 
therefore, the microgrid purchases power from the UG. On the other hand, the microgrid may 
sell power to the UG around midday when the tariff of the UG becomes higher than other 
distributed generators. The optimisation function evaluates the intersection point between the 
distributed generators to identify the minimum cost of the power generation from each unit at 
a particular time of the day. 
In the unit commitment operation, the voltage deviation happens at a heavy load. Therefore, 
the fleet of EVs, connected at charging stations, synergize the distributed generators to balance 
the load with cheaper power generation than a diesel generator. The microgrid is more stable 
at discarding the unit commitment strategy from operation than including it, due to the 
operation of the diesel generator all day. However, the total cost of the power generation at 
discarding the unit commitment strategy becomes higher than including it.   
This chapter describes the development of the objective achievement of management 
optimisation of balancing the distributed generators, UG, CSOs, and load, to avoid possible 
overloading of network degradation, at minimum operation cost and pollutants’ emission 
treatment cost. The operation of the microgrid at connected mode with unit commitment 
activation achieved minimum operation cost and minimum emission treatment cost. Therefore, 
this strategy is the optimum solution to operate the microgrid at a minimum daily total cost. 
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5. Chapter Five: Management of Electric Vehicles in Microgrids 
 
5.1 Introduction 
The previous chapter describes the top tier strategic planning of the modular management 
structure to handle the electricity congestion of the microgrid due to the nature of the 
bidirectional operation. The system has been designed as a unified systematic framework where 
the power management decomposes into modular blocks in chronological executions. This 
chapter describes the middle tier of the modular management structure which decides 
appropriate actions of the policy planning or medium-term policy of the centralised 
charging/discharging aggregated EV to feed downstream to the lower tier of the execution in 
the next chapter. The chapter focuses on the centralised charging/discharging aggregated EVs 
connected to the specific bus bar on the microgrid through the charging station. The control 
signal for either charging EVs or discharging qualified EVs of the CSO is received from the 
MGO based on the state of the voltage and frequency level of the network. The MGO delivers 
either all the required charging power of the charging station system or a part of it, based on 
balancing available power on the MGO and required power from the CSO without affecting 
the resilient operation of the microgrid. The discharging operation is activated by the MGO 
when there is a fluctuation in voltage or frequency beyond the acceptable standard level. The 
CSO manages and controlsthe constructed resilient microgrid  either charging all connected 
EVs or schedules charging them or discharging some EVs that have a specific state of charge 
limit of energy storage devices using Cplex software and the MATLAB environment. 
Minimising the power charging cost or maximising the power discharging cost of EVs are the 
objective functions of the optimisation problem. Mixed integer linear programming is used to 
achieve the objective function of the mathematical equations of charging or discharging EVs. 
Five scenarios of realistic 15 brands of EVs are included to explain the operation of the 
proposed module of charging or discharging. The tariff curve of daily operation has been 
chosen as a variable over a day.  
This chapter paves the way for the next chapters to design the third tier of a modular structure 
framework to manage and control the operation of the EV within EVO. Therefore, the power 
reference of the CSO will be utilised in the next chapter.  
  
5.2 Algorithm Design of the CSO 
The hierarchical modular framework structures the microgrid into three operators. CSO is the 
medium policy level of framework to manage and control aggregated EVs connected at CSS 
of the microgrid. The output of the optimisation model is the either minimum charging cost of 
each EV or maximum discharging cost of qualified EV. The procedure to achieve the objective 
functions is depicted in Figure 5-1 whereas the implementation strategy of CSO summarises in 
the flow chart as shown in Figure 5-2. Further explanation arranges in next sections.  
The CSO uses energy demand management to deal with aggregated EVs. There is a 
communication link between the CSO and MGO. The CSO sends information to the MGO 
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about how much power is required to charge the EVs at connection time and the availability of 
power that EVs could discharge to the network based on the state of charge of each EV. On the 
other hand, the MGO informs the CSO about how much power could be consumed in order to 
charge or require to discharge the EVs. The CSO has a faster response than the MGO, which 
operates hourly; the CSO executes the information in minutes based on the size of the grid and 
dynamic response of the devices, whereas collecting data from the system and processing them 
requires more time than by the CSO. It is a preferable online operation but is expensive and 
difficult, and the possibility of congestion becomes a major issue for the system. The timing of 
the operators could be ten minutes for MGO, one minute for CSO, and a second for the EVO 
starting from one second at EMS downstream to a microsecond for PES.  However, the amount 
of data will be considerable, and it is difficult to study and draw it academically, that is why 
this thesis has chosen the existing distribution time between the operators. In this study, the 
CSO updates states of connected EVs every ten minutes, whereas the MGO updates states of 
connected equipment every half hour.  
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Figure 5-1: CSO optimisation algorithm 
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Figure 5-2: Flow chart of CSO optimisation algorithm
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5.3 The Effects of Electric Vehicles on the Microgrid 
EVs are classified as a new demand for the microgrid which may create multiple challenges 
for distributed generators of the microgrid. Intelligent controller and communication link 
between the microgrid utilities are necessary to control charging each EV efficiently as well as 
controlling the electricity back to the microgrid from the resources of the EV. The ability to 
predict the spatiotemporal connection of the EV and the state of charge for resources of the EV 
is required to achieve optimal bidirectional power control between the microgrid and the EV.  
There are many methods proposed of charging EVs, either as single or aggregated charging, 
which are classified in the following: 
1. The EV starts charging immediately after being plugged in to ensure fully charging the 
battery of the EV. The electricity tariff is usually kept fixed for the whole day in this 
charging strategy [307]. 
2. The dual tariff charging strategy is that the day tariff is more expensive than the night 
tariff. The EV starts charging overnight when the demand and the power tariff are lower 
than the rest of the day.  This settling of charging can influence the behaviour of users 
in terms of scheduling journeys.  
3. Scheduling charging of the EVs to achieve a specific objective function which is either 
a single objective function such as achieving minimum charging cost or maximum 
operator profit, or multiple objectives such as achieving both previous objectives.   This 
method is further classified into. 
a. Centralised smart charging (CSC); the electric vehicle agent (EVA) collaborates 
with the plug-in socket outlet to decide to charge or to discharge the EVs  [308]–
[315]. 
b. Decentralised smart charging (DSC); the supplier disperses the EV demands in 
time and space according to the electricity tariff and the EV states [159], [307], 
[316]–[318]. 
The location of the optimisation decision is the main difference between CSC and DSC, 
whereas the control centre of the aggregator level and EVA are represented as the charging 
decision in the CSC and DSC respectively. One central point can control many EVs in CSC. 
In contrast, each EV has an onboard smart control unit in the DSC. Both have an opportunity 
to reach an optimal solution for charging the EVs; however, the DSC reaches a less optimal 
solution than the CSC. Furthermore, the optimal solution decision of the CSC is easier than 
that of DSC because all information from the microgrid network is intensive at the central 
point, in contrast to the DSC where the information is processed in a distributed way. 
Therefore, processing the information of the CSC maximises the network capacity to interact 
with a high number of EVs concurrently. However, the CSC requires a high communication 
cost, time and effort to achieve the optimisation solution in contrast to the DSC which requires 
low communication cost for the same purpose. Furthermore, the CSC should have more 
computational complexity, more implantation flexibility, and more information exchange 
requirements than the DSC. Connecting a new EV leads to changing the control program of 
the CSC. On the other hand, the DSC results in improving privacy regarding the choice of 
charging pattern for the EV. More accurate information provided from the EVA in the CSC 
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means that a more precise decision can be made because the CSC is more sensitive to errors 
than the DSC.  Figure 5-3 shows the connection schematic diagram of the EVs to the microgrid 
in terms of CSC and DSC.  
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Figure 5-3: Electric vehicles’ smart charger architecture 
 
5.4 Charging Station System 
Recharging infrastructure is an important part of the interface between the EVs and the 
microgrid network for managing the charging of the EVs. It is classified according to 
installation into two modes: either onboard mode or outboard (fixed point) mode. The charger 
is installed inside the vehicle in the onboard mode which allows the user to plug the vehicle 
into any standard charger outlet. In contrast, the charger is installed outside the vehicle in the 
specific charging location in the fixed point mode.  
There are three levels of recharging infrastructure proposed by the Electric Power Research 
Institute (EPRI): 
 Level one: classified as the lowest common voltage level which is 120 V, (12 A or 16 A) 
that can achieve 1.44 kW as maximum power.   
 Level two: classified as a primary charging level which is working on single phase 240 V, 
40 A. 
 Level three: classified as a fast charging level which is working on three phase 400 V. 
The specification of a different range of charging station characteristics is shown in Table 5-1. 
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Table 5-1: Typical characteristics of different charging modes as defined by the IEC [319]. 
 
Maximum power 
output from EVSE 
(kilowatts) 
Example 
charging time 
(hrs: mins) 
Input voltage 
(volts) 
Maximum 
current 
(amps) 
Mode 
AC 
2.3 8h 20m 230 AC 10 2 / 3 
3 6h 30m 230 AC 13 2 / 3 
3.7 5h 15m 230  AC 16 (2) 3 
7.4 2h 35m 230 AC 32 (2) 3 
14.5 1h 20m 400 AC 21 3 
22 55m 400 AC 32 3 
43 30m 400 AC 63 3 
DC 
20 1h 400 AC 40 4 
50 25m 400 AC 100 4 
100 15m 400 AC 200 4 
 
5.5 Charging Strategy of Charging Station System 
Managing recharging of EVs with different capacities can achieve the optimum schedule 
operation. However, unmanaged recharging of EVs can cause many problems for the 
microgrid, which include increasing power losses in the network, voltage and frequency drop, 
and overload of the equipment of the microgrid such as transformers and cables. It is even 
possible to black out the microgrid if the recharging demand exceeds the power supply of the 
network. The benefits of recharging management become vital when multiple charging stations 
are integrated into the microgrid. In the event that many charging station systems (CSSs) are 
spread around the distribution network, each CSS should be obeyed by the MGO before 
managing the connected EVs.  
In urban areas, the EV is charged either at home using one charging point or at the specifically 
designed CSS using multi-charging points. The CSS is an ideal place to monitor charging or 
discharging aggregated EVs. The main function of the CSO, which is an operator of the CSS, 
is to manage the charging resources of the EVs to the desired state of charge before departure. 
The objective function of the CSO is either to minimise the charging cost of each EV or to 
maximise the discharging cost of the candidate discharging the EV. The schematic diagram of 
connected aggregated EVs to the microgrid and the architecture diagram of connecting EVs to 
the CSO are shown in Figure 5-5 and Figure 5-6 respectively, which have been adopted and 
modified from [320]. 
The EV is plugged into the recharging socket of the CSS through a cable or by wireless means. 
The recharging socket has a power flow control meter and a data acquisition part to save the 
state of the EV into a digital memory. The memory of the recharging socket is labelled in the 
same way as the EV registration number for metering purposes. A Recharging Socket Agent 
(RSA), which is a part of recharging socket, and EVA, which is a part of EVO, collaborates to 
collect the states of the resources of EVs as well as send the order of the CSO to the EVO. The 
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EVA has an interaction between the owner and other parts of the EV to manage the operation 
of the power train drive of the EV. 
In order to maintain a resilient operation, the CSO should collect data and update them minute 
by minute, and solve the problem every time that some changes happen such as connecting or 
disconnecting a new EV. Therefore, the CSO collects the data, analyse them, and solves the 
optimisation function periodically such as minute by minute. When an EV is parked and 
connected to the charging station, the recharging socket outlet records the connection time and 
collects some information from the EVA which is shown in Figure 5-4 and listed in the 
following: 
1- The initial state of charge for battery and supercapacitor. 
2- The desired state of charge for the battery whereas the supercapacitor is assumed to be fully 
charged at departure time. 
3- The rated capacity of the battery and the supercapacitor of the EV.   
4- The assumed leaving time of the vehicle to calculate the period of parking time. 
5- The owner obligation of unidirectional or bidirectional power flow of resources.  
6- The converter power limits of the vehicle. 
7- The label of the EV to record the electricity bill for this vehicle. 
Information of EVA to CSO of each EV 
at connected time
The initial state of charge 
for battery and 
supercapacitor
The desired state of 
charge for the battery 
The rated capacity of the 
battery and the 
supercapacitor
The period of parking 
time
The owner obligation of 
unidirectional or 
bidirectional power flow 
The converter power 
limits 
The label of the EV to 
record the electricity bill 
CSO
 
Figure 5-4: Information of EVA to CSA of each EV at connected time  
 
The collected information by the RSA is sent to the central memory of the charging station 
agent (CSA), which has a direct connection to the processor of the CSA, to analysis the data 
and send the related information to the MGO and EVO. The related information of the MGO 
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is the net power required to charge the EVs and the net power available to discharge from the 
EVs, whereas the related information of the EVO is the reference charging or discharging 
power. The MGO informs the CSO about the available charging power or required discharging 
power. The CSO builds the schedule charging or discharging for each EV, based on the input 
RSA and MGO information.  
The data from the recharging sockets are sent to the CSA through a bridge by an internal data 
bus to actuate the charging and discharging signals, process the states of the EVs, and book 
slots for each EV regarding charging or discharging based on the solving optimisation function 
formula, whereas the microprocessor calculates the slots and saves them in the memory of the 
recharging socket of each EV through the bridge. The main part of the CSA is a microprocessor 
which interfaces the reconfiguration algorithm software stored in flash memory automatically 
through a storage controller unit. The available or required power of the CSO and MGO stored 
inside the storage device interfaces with the microprocessor through the internal data bus. The 
microprocessor transmits and receives data from the recharging sockets that are stored inside a 
bridge through the bus interface unit in order to control the power electronic device of the 
recharging socket. The power electronic device of each recharging socket is responsible for 
making the power flow into the EV. The interrupt controller is responsible for communicating 
with the MGO and EVO for any unpredictable situation with the support of the watchdog timer. 
The watchdog timer, in turn, is responsible for generating a system reset automatically to 
involve the state of the MGO, which has a high priority to interrupt the operation of the CSO 
and obligate a new state. The watchdog timer also resets the system when the main program of 
the CSO fails or hangs because of a software or hardware fault.  The schematic diagram of 
connected EVs to the microgrid, the schematic diagram of CSO, and the infrastructure diagram 
of the CSO are shown in Figure 5-5, Figure 5-6, and Figure 5-7 respectively.  
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Figure 5-5: Schematic diagram of connected electric vehicles to microgrid 
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Figure 5-6: Schematic diagram of CSO 
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Figure 5-7: CSO infrastructure 
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5.6 Problem Formulation 
The charging system operator may work in two modes: 
Mode 1: If 𝑃𝑛𝑒𝑡 > 0, the electric vehicle works in charging mode (G2V). 
Mode 2: If 𝑃𝑛𝑒𝑡 < 0, the electric vehicle works in discharging mode (V2G). 
where 𝑃𝑛𝑒𝑡 = 𝑃𝑠 − 𝑃𝑑 
In addition to these two modes, it is possible to discharge the energy of the EVs at 𝑃𝑛𝑒𝑡 > 0 
during a sudden change either in voltage or frequency. According to these two modes, the 
objective function is arranged, based on the MGO requirement, into charging EVs mode or 
discharging EVs mode. 
The CSO knows the charging and discharging power tariff at each time from the market 
operator within distribution network operator control level, the frequency deviation, and the 
voltage deviation by the MGO. The CSO labels all the connected EVs and solves the objective 
function problem periodically to book slots for charging or discharging each EV. The CSO 
sends the required power to charge all the connected EVs and the available power that could 
be discharged from the EVs to the MGO. According to the information provided from the 
microgrid components, the MGO decides to cover all demand from the charging station or part 
of it and sends the power reference to the CSO. The power reference provided by the MGO 
either covers the full or partial demand of the CSS, then the CSS builds the charging strategy.  
For charging mode, the CSO sets the objective function of the optimisation problem to achieve 
minimum power charging cost, as shown in Equation 5-1. There are two states in charging 
mode; the MGO could either cover all or part of the demand of the EVs. The CSO books 
charging slots for each EV by solving equation 5-1 based on the information provided from the 
EVA to cover the full demand state. For part demand, the strategy of charging depends on the 
voltage and frequency level; either schedule charging applies when the voltage level is at 
voltage above nominal (VAN) or voltage over above nominal (VOAN) and the frequency level 
is at frequency above nominal (FAN) or frequency over above nominal (FOAN), or curtail 
charging of EVs applies when the voltage level is at voltage below nominal (VBN) or voltage 
over below nominal (VOBN) and the frequency level is at frequency below nominal (FBN) or 
frequency over below nominal (FOBN), as explained in Table 5-2 and Table 5-3 respectively.  
The schedule or curtail charging EVs strategies are based mainly on the state of charge of the 
battery and supercapacitor of the EVs. The CSO predicts the optimum power charging slots of 
each EV based on the level of power demand and required time to reach the desired leaving 
state of charge, whereas the low state of charge resources has a high charging priority by 
applying a k scale factor to equation 5-1, as shown in equation 5-3 and described in Figure 5-8. 
If the EV does not reach the desired leaving state of charge, the CSO applies the priority 
charging based on giving priority to the earliest EV departure that has a low state of charge 
level compared to the desired leaving state of charge. Furthermore, If the CSO predicts that the 
EV barely reaches the desired leaving state of charge or does not reach it, the CSO informs the 
owner that the CSO could not charge the EV to selected leaving state of charge and suggests a 
new level of the desired leaving state of charge to the owner. 
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Table 5-2: Frequency and voltage range of operation  
 Term  Range  
1.  Nominal frequency (NF) −0.001𝑓𝑛 ≤ 𝑓 ≤ 0.001𝑓𝑛  
2.  Nominal voltage (NV)   −0.03𝑉𝑛 ≤ 𝑉 ≤ 0.03𝑉𝑛  
3.  Frequency above nominal (FAN) 0.001𝑓𝑛 ≤ 𝑓 ≤ 0.01𝑓𝑛 C
h
arg
in
g
 
referen
ce 
4.  Frequency over above nominal (FOAN)  0.01𝑓𝑛 < 𝑓 
5.  Voltage above nominal (VAN) 0.03𝑉𝑛 ≤ 𝑉 ≤ 0.1𝑉𝑛 
6.  Voltage over above nominal (VOAN) 0.1𝑉𝑛 < 𝑉 
7.  Frequency below nominal (FBN) −0.001𝑓𝑛 ≤ 𝑓 ≤ −0.01𝑓𝑛 D
isch
arg
in
g
 
referen
ce
 
8.  Frequency over below nominal (FOBN) −0.01𝑓𝑛 < 𝑓 
9.  Voltage below nominal (VBN) −0.03𝑉𝑛 ≤ 𝑉 ≤ −0.1𝑉𝑛 
10.  Voltage over below nominal (VOBN) −0.1𝑉𝑛 < 𝑉 
11.  
The procedure for operating these references is described in Table 5-3. 𝑓𝑛 and 𝑉𝑛 are 
the fundumental frequency and voltage of the microgrid respectively. In this thesis the 
𝑓𝑛=50 Hz whereas the 𝑉𝑛 = 220 V. 
 
In the discharging mode, the MGO sends the information to the CSO to discharge the qualified 
EVs due to frequency deviation or voltage deviation. Hence no EV could discharge power 
lower than the predefined state of charge limit. The objective function of the discharging mode 
would obtain the maximum discharging power cost, as shown in equation 5-2. The priority of 
discharging is classified according to the voltage deviations at VBN or VOBN or frequency 
deviations at FBN or FOBN into either discharging the resources of the EV at scheduled 
discharging for VBN and FBN or at maximum discharging for VOBN and FOBN, as explained 
in Table 5-2 and Table 5-3 respectively.  
The supercapacitor is more efficient than the battery to compensate for voltage deviations 
whereas the battery is much more efficient than the supercapacitor to compensate for frequency 
divisions. However, in the microgrid, adjusting the active power influences the voltage 
deviation, whereas adjusting reactive power influences the frequency divisions. Therefore, a 
healthy battery starts discharging to compensate for voltage divisions in case the state of charge 
of the supercapacitor goes below the control limit of 40%. Moreover, the same procedures are 
applied to discharge the healthy supercapacitor to compensate for frequency divisions in case 
the state of charge of the battery goes below the control limit of 70%. The battery and 
supercapacitor of the EV work as controllable resources of power balance. However, both 
should not discharge fully because of degradation issues and driver planning for the next 
journey.  
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Table 5-3: Map range of frequency and voltage deviation 
                   
To meet these conditions, there must be a controller limit for the battery and supercapacitor 
considering the state of the charge level of both. The lower discharge limit of the battery and 
supercapacitor has been chosen regarding the different characteristics of both, such as the 
supercapacitor operation being about ten times faster than the battery, and the degradation of 
the supercapacitor being much less than the battery. Therefore, the reference limit of the 
supercapacitor could be less than the reference limit of the battery. The lower discharge limit 
of the supercapacitor has been chosen to be 40% of the state of charge of the supercapacitor, 
whereas the lower discharge limit of the battery has been chosen to be 70% of the state of 
charge of battery to meet the convenience of the owners and prevent deep discharging. Hence, 
no vehicles will be discharged below these limits. According to the lower limit, the schedule 
discharging factor of the battery is shown in equation 5-4 and explained in Figure 5-9 whereas 
the schedule discharging factor of the supercapacitor is shown in equation 5-5 and explained 
in Figure 5-10. The basic idea behind schedule charging or discharging is explained as 
operating units with a high state of charge level more frequently than a low state of charge 
units, as explained in the examples below:  
 At charging mode: the activated schedule charging of Figure 5-8 flows 0.8 and 0.5 of the 
required current for vehicles that have 60% and 90% of the state of charge respectively.  
 At discharging mode: the activated schedule discharging battery of Figure 5-9 draws 0.95 
and 0.7 of reference current from vehicles that have 95% and 80% of the state of charge 
respectively.   
 At discharging mode: the activated schedule discharging supercapacitor of Figure 5-10 
draws 0.97 and 0.73 of reference current from vehicles that have 90% and 60% of the state 
of charge respectively.  
𝑆𝑜𝐶% 
∆𝐹 ∆𝑉 
-0.01 
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Figure 5-8: Charging schedule factor of battery and supercapacitor 
 
Figure 5-9: Discharging schedule factor of battery 
 
Figure 5-10: Discharging schedule factor of 
supercapacitor 
 
The detail of calculation required and available energy and power in the battery and 
supercapacitor are shown in equations 5-6 to 5-12, whereas the control parameters of charging 
current and discharging current are shown in equations 5-13 to 5-15. Equation 5-1 refers the 
optimisation function of calculating the minimum cost of charging the active and reactive 
power of EVs based on a number of parameters: the charging weight dynamic coefficient 𝛼, 
charging binary signals 𝑠1, active and reactive binary signals 𝜀1 and 𝜀2 respectively, and 
charging priority factor 𝜌. On the other hand, equation 5-2 refers to the calculation of the 
optimisation function of maximum discharging based on a number of parameters: owner choice 
𝐷, the discharging weight dynamic coefficient 𝐵, charging binary signals 𝑠2, active and 
reactive binary signals 𝜗1 and 𝜗2 respectively, and the factor of discharging tariff 𝐹. The energy 
available and required of the battery and supercapacitor are calculated in Equations 5-6 and 5-7 
respectively based on terminal voltage 𝑉𝑡, rated power 𝑄𝑗
𝑟𝑎𝑡𝑒𝑑, and desired and initial state of 
charge 𝑆𝑜𝐶𝑗
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑆𝑜𝐶𝑗
𝑖𝑛𝑖𝑡𝑖𝑎𝑙. The active and reactive power required and available power 
are calculated using equations 5-8 and 5-9 respectively based on energy calculation, period of 
EV connection, and efficiency of the resources. The required and actual capacity of the 
resources are calculated using equations 5-10 and 5-11 respectively based on the power 
calculation, terminal voltage, and rated capacity of the resources. Then, the current of charging 
or discharging battery at nominal value or scheduling value is formulated based on required 
and rate capacity, schedule charging, battery schedule discharging, and supercapacitor 
schedule discharging in the following:   
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 𝑀𝑖𝑛 − 𝐶𝑜𝑠𝑡 = ∑∑𝛼. 𝑠1. 𝜀1. 𝑃𝑐ℎ,𝑖𝑗. ∆𝑡. 𝜌. 𝑇𝑃,𝑐ℎ + 𝛼. 𝑠1. 𝜀2. 𝑄𝑐ℎ,𝑖𝑗. ∆𝑡. 𝜌. 𝑇𝑄,𝑐ℎ
𝑁
𝑗=1
𝑡𝑑
𝑖=𝑡𝑎
 5-1 
 
𝑀𝑎𝑥 − 𝐶𝑜𝑠𝑡 = ∑∑𝐷.𝛽. 𝑠2. 𝜗1. 𝑃𝑑𝑖𝑠,𝑖𝑗. ∆𝑡. 𝐹. 𝑇𝑃,𝑐ℎ
𝑁
𝑗=1
𝑡𝑑
𝑖=𝑡𝑎
+ 𝐷. 𝛽. 𝑠2. 𝜗2. 𝑄𝑑𝑖𝑠,𝑖𝑗. ∆𝑡. 𝐹. 𝑇𝑄,𝑐ℎ 
5-2 
 𝑘𝑏/𝑠𝑐,𝑐ℎ = 15 × log2(𝑆𝑜𝐶 − 101) 5-3 
 𝑘𝑏,𝑑𝑖𝑠 = 20.18 × log2(𝑆𝑜𝐶 − 69) 5-4 
 𝑘𝑠𝑐,𝑑𝑖𝑠 = 16.86 × log2(𝑆𝑜𝐶 − 39) 5-5 
 𝐸𝑗,𝑏/𝑠𝑐
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑉𝑡,𝑏/𝑠𝑐𝑄𝑗,𝑏/𝑠𝑐
𝑟𝑎𝑡𝑒𝑑((𝑆𝑜𝐶𝑗,𝑏\𝑠𝑐
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑆𝑜𝐶𝑗,𝑏\𝑠𝑐
𝑖𝑛𝑖𝑡𝑖𝑎𝑙)/100) 5-6 
 𝐸𝑗,𝑏/𝑠𝑐
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑉𝑡,𝑏/𝑠𝑐𝑄𝑗,𝑏/𝑠𝑐
𝑟𝑎𝑡𝑒𝑑((𝑆𝑜𝐶𝑗,𝑏\𝑠𝑐
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑆𝑜𝐶𝑗,𝑏\𝑠𝑐
𝑚𝑖𝑛 )/100) 5-7 
 𝑃𝑗,𝑏
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
𝐸𝑗,𝑏
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
(𝑡𝑗
𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒 − 𝑡𝑗
𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑) . 𝜂𝑐ℎ
 
5-8 
 𝑄𝑗,𝑠𝑐
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
𝐸𝑗,𝑠𝑐
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
𝑡𝑗
𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒 − 𝑡𝑗
𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑. 𝜂𝑐ℎ
 
 𝑃𝑗,𝑏
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 =
𝐸𝑗,𝑏
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
(𝑡𝑗
𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒 − 𝑡𝑗
𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑) . 𝜂𝑐ℎ
 
5-9 
 𝑄𝑗,𝑠𝑐
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 =
𝐸𝑗,𝑠𝑐
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
(𝑡𝑗
𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒 − 𝑡𝑗
𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑) . 𝜂𝑐ℎ
 
 𝐶𝑟𝑎𝑡𝑒
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
𝜀1𝑃𝑗,𝑏
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 + 𝜀2𝑄𝑗,𝑠𝑐
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
𝑉𝑡𝑏/𝑠𝑐𝑄𝑗,𝑏,𝑠𝑐
𝑟𝑎𝑡𝑒𝑑  5-10 
 𝐶𝑟𝑎𝑡𝑒
𝑎𝑐𝑡𝑢𝑎𝑙 =
𝜀1𝑃𝑗,𝑏
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 + 𝜀2𝑄𝑗,𝑠𝑐
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
𝑉𝑡𝑏/𝑠𝑐𝑄𝑗,𝑏/𝑠𝑐
𝑟𝑎𝑡𝑒𝑑  5-11 
At charging mode, the current equations of the battery and supercapacitor are formulated 
in 5-12. 
 
𝐼𝑗,𝑏
𝑐ℎ = 𝑄𝑗,𝑏
𝑟𝑎𝑡𝑒𝑑𝐶𝑟𝑎𝑡𝑒
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑                                        𝑖𝑓𝑠1 = 1, 𝜀1 = 1
𝐼𝑗,𝑠𝑐
𝑐ℎ = 𝑄𝑗,𝑠𝑐
𝑟𝑎𝑡𝑒𝑑𝐶𝑟𝑎𝑡𝑒
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑                                      𝑖𝑓𝑠1 = 1, 𝜀2 = 1
 5-12 
At schedule charging mode, the impact of the schedule charging factor at the battery and 
supercapacitor is considered within their current equations as presented in 5-13. 
 
𝐼𝑗,𝑏
𝑠𝑐ℎ = 𝑄𝑗,𝑏
𝑟𝑎𝑡𝑒𝑑𝐶𝑟𝑎𝑡𝑒
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑. 𝐾𝑓,𝑐ℎ                           𝑖𝑓𝑠1 = 1, 𝜀1 = 1
𝐼𝑗,𝑠𝑐
𝑠𝑐ℎ = 𝑄𝑗,𝑠𝑐
𝑟𝑎𝑡𝑒𝑑𝐶𝑟𝑎𝑡𝑒
𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑. 𝐾𝑓,𝑐ℎ                           𝑖𝑓𝑠1 = 1, 𝜀2 = 1
 5-13 
At discharging mode, the current equations of the battery and supercapacitor are presented 
in 5-14: 
 
𝐼𝑗,𝑏
𝑑𝑖𝑠 = 𝑄𝑗,𝑏
𝑟𝑎𝑡𝑒𝑑𝐶𝑟𝑎𝑡𝑒
𝑎𝑐𝑡𝑢𝑎𝑙                             𝑖𝑓𝑠2 = 1, 𝜗1 = 1,𝐷 = 1 
𝐼𝑗,𝑠𝑐
𝑑𝑖𝑠 = 𝑄𝑗,𝑠𝑐
𝑟𝑎𝑡𝑒𝑑𝐶𝑟𝑎𝑡𝑒
𝑎𝑐𝑡𝑢𝑎𝑙                              𝑖𝑓𝑠2 = 1, 𝜗2 = 1, 𝐷 = 1
 5-14 
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At schedule discharging mode, the schedule discharging factors’ effect on the current equations 
of the battery and supercapacitor are shown as:: 
 
𝐼𝑗,𝑏
𝑠𝑑𝑖𝑠 = 𝑄𝑗,𝑏
𝑟𝑎𝑡𝑒𝑑𝐶𝑟𝑎𝑡𝑒
𝑎𝑐𝑡𝑢𝑎𝑙 . 𝐾𝑓,𝑑𝑖𝑠                 𝑖𝑓𝑠2 = 1, 𝜗1 = 1, 𝐷 = 1
𝐼𝑗,𝑠𝑐
𝑠𝑑𝑖𝑠 = 𝑄𝑗,𝑠𝑐
𝑟𝑎𝑡𝑒𝑑𝐶𝑟𝑎𝑡𝑒
𝑎𝑐𝑡𝑢𝑎𝑙 . 𝐾𝑓.𝑑𝑖𝑠                𝑖𝑓𝑠2 = 1, 𝜗2 = 1,𝐷 = 1
 5-15 
The charging and discharging of the normal and scheduled current of the battery and the 
supercapacitor limitation are revealed in equations 5-16 and 5-17 respectively.  
 𝐼𝑗,𝑏/𝑠𝑐,𝑚𝑖𝑛
𝑐ℎ/𝑑𝑖𝑠
≤ 𝐼𝑗,𝑏/𝑠𝑐
𝑐ℎ/𝑑𝑖𝑠
≤ 𝐼𝑗,𝑏/𝑠𝑐,𝑚𝑎𝑥
𝑐ℎ/𝑑𝑖𝑠
 5-16 
 𝐼𝑗,𝑏/𝑠𝑐,𝑚𝑖𝑛
𝑠𝑐ℎ/𝑠𝑑𝑖𝑠
≤ 𝐼𝑗,𝑏/𝑠𝑐
𝑠𝑐ℎ/𝑠𝑑𝑖𝑠
≤ 𝐼𝑗,𝑏/𝑠𝑐,𝑚𝑎𝑥
𝑠𝑐ℎ/𝑠𝑑𝑖𝑠
 5-17 
𝑠 is the binary number either 1 or 0, 𝑠1 refers to the charging mode and 𝑠2 refers to the 
discharging mode, whereas the 𝑠1 + 𝑠2 = 1. The states of the binary logic 𝑠 are explained in 
equations 5-18 and 5-19 respectively. 
 𝑠1 = {
1             𝑖𝑓∑𝑃𝑐ℎ,𝑖𝑗 ≥ 𝑃𝑛𝑒𝑡(𝑡)
𝑁
𝑗=1
𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑚𝑜𝑑𝑒 𝑎𝑝𝑝𝑙𝑖𝑒𝑠
0                                                                                𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
5-18 
 𝑠2 = {
1    𝑖𝑓∑𝑃𝑑𝑖𝑠,𝑖𝑗 ≥ 𝑃𝑣2𝑔(𝑡)
𝑁
𝑗=1
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑚𝑜𝑑𝑒 𝑎𝑝𝑝𝑙𝑖𝑒𝑠
0                                                                               𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
5-19 
𝜀 is the binary number which is either 1 or 0, 𝜀1 refers to active power charging mode and 𝜀2 
refers to reactive power charging mode, whereas 𝜀1 + 𝜀2 = 1. The states of the binary logic 𝜀 
are explained in equations 5-20 and 5-21. Respectively. 
 𝜀1 = {
1                                                    𝑖𝑓𝑆𝑜𝐶𝐵
𝑑 − 𝑆𝑜𝐶𝐵
𝑎 ≤ 0
0                                                                      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
5-20 
 𝜀2 = {
1            𝑖𝑓𝑆𝑜𝐶𝐵
𝑑 − 𝑆𝑜𝐶𝐵
𝑎 > 0 & 𝑆𝑜𝐶𝑠𝑐
𝑑 − 𝑆𝑜𝐶𝑠𝑐
𝑎 ≤ 0
0                              𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
5-21 
𝜌 is the priority factor of charging mode which is equal to either 1 when applying the 
optimisation algorithm or 1.5 when the EV is charged directly without the applied optimisation 
algorithm which is activated by the owner of the EV. The explanation of priority charging factor 
𝜌 is shown in Equation 5-22. 
 𝜌 = {
1                                                𝐴𝑝𝑝𝑙𝑦 𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚
1.5          𝐶ℎ𝑎𝑟𝑔𝑒 𝐸𝑉 𝑎𝑡 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑤𝑖𝑡ℎ 50% 𝑒𝑥𝑡𝑟𝑎 𝑝𝑟𝑖𝑐𝑒
 5-22 
𝐷 is the binary number of the owner choice for either bidirectional power flow or unidirectional 
power flow from the EV. The CSO calculates the available discharging power of the EV 
according to the predefined level of state of charge of resources when 𝐷 is activated otherwise 
the CSO hides the EV from any discharge activity for any level of state of charge of resources 
as shown in Equation 5-23.  
 𝐷 = {
1                   𝑖𝑓 𝑏𝑖𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙
0                𝑖𝑓 𝑢𝑛𝑖𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙
 5-23 
𝜗 is the binary which is either 1 or 0 for discharging either active or reactive power from the 
resources of the EV number whereas 𝜗1 refers to active power discharging mode at frequency 
deviation and 𝜗2 refers to reactive power discharging mode at voltage deviation. The sum of 
binary numbers 𝜗1 and  𝜗2 should not exceed one (𝜗1 + 𝜗2 = 1) to prevent overlap, as explained 
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in equations 5-24 and 5-25 respectively. The system response for frequency variation is stricter 
than the voltage variation due to the sensitivity of frequency level in the system over voltage 
level. 
 𝜗1 = {
1       𝑖𝑓 ∆𝜔 > 0.001 𝑎𝑛𝑑 𝑆𝑜𝐶𝑏 ≥ 70% 𝑂𝑅 ∆𝑉 > 0.3 𝑎𝑛𝑑 𝑆𝑜𝐶𝑠𝑐 ≤ 40%
0                                                                                                             𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
5-24 
 𝜗2 = {
1        𝑖𝑓 ∆𝑉 > 0.3 𝑎𝑛𝑑 𝑆𝑜𝐶𝑠𝑐 ≥ 40% 𝑂𝑅 ∆𝜔 > 0.001 𝑎𝑛𝑑 𝑆𝑜𝐶𝑏 ≤ 70%
0                                                                                                              𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 
5-25 
The degradation cost (𝐶𝑑) is adapted from [321] to equal 6.5 cents / kWh. 
The factor of discharging tariff is represented by 𝐹 which has been chosen at 10% higher than 
the charging tariff. It could be variable over a day. 
𝑇𝑃,𝑐ℎ,  𝑇𝑄,𝑐ℎ refer to active and reactive tariffs of electricity units over a day. 
𝛼 𝑎𝑛𝑑 𝛽 are weighting dynamic (delay) coefficients for the charging and discharging power. 
They represent the rate of convergence for charging or discharging to an equilibrium point. This 
is required at high disturbance to reduce the oscillation in frequency or voltage variation by 
adjusting it to a high value. It could be increasing those values or choosing it to be the minimum 
at normal state. 
 
5.7 Constraints 
The previous model of battery and supercapacitor operation is limited due to manufacturing 
constraints, whereas the capacities of the battery and supercapacitor are different due to how 
the vehicles are used. Therefore, the following power, current, and state of charge constraints 
should be applied for each vehicle to obligate the CSO not to exceed them and avoid damaging 
the storage units of the EVs. The essential constraints to be considered are as follows:  
 
5.7.1 Power constraints 
In charging mode, the MGO should cover all the demands for the EVs, as shown by 
 ∑𝑃𝐸𝑉,𝑛 ≤ |𝑃𝑛𝑒𝑡|
𝑁
𝑛=1
 
5-26 
In case the MGO provides less than the net power of the EVs then scheduled charging should 
apply based on the SoC and period of parking. 
In discharging mode, the EVs should supply the required power to maintain the network 
stability as represented by 
 𝑃𝑚𝑖𝑛 ≤∑ ∑ 𝑃𝑐ℎ\𝑑𝑖𝑠,𝑖𝑗
𝑗∈𝑁𝑖∈𝑇
≤ 𝑃𝑚𝑎𝑥 , ∀𝑖 ∈ 𝑇, ∀𝑗 ∈ 𝑁 5-27 
where 𝑃𝑚𝑖𝑛, 𝑃𝑚𝑎𝑥= the minimum power and maximum power of the CSO. 
In case the total power of qualified EVs is less than the required power of the MGO, then the 
MGO should use the available power from EVs and search for extra power from the rest of the 
distributed generators to balance the load. It may be that the MGO is not able to find the surplus 
power to cover the load, then the MGO applies the curtail strategy starting with non-sensitive 
demand. 
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5.7.2 Current constraints 
For safe operation of the battery and supercapacitor, the current flow through the energy storage 
system should be limited. The maximum current flow from the battery depends mainly on the 
chemical reaction and ambient temperature. Exceeding the maximum current of the energy 
storage system causes heat, flames and smoke which could cause damage to the devices. 
Operating the energy storage system beyond the rated value causes overuse of the device 
leading to degrading their lifecycle, which adversely affects the lifetime of the energy storage 
system. The limited charging and discharging current are determined by 
 𝐼𝑗,𝑏/𝑠𝑐,𝑚𝑖𝑛
𝑐ℎ/𝑑𝑖𝑠
≤ 𝐼𝑗,𝑏/𝑠𝑐
𝑐ℎ/𝑑𝑖𝑠
≤ 𝐼𝑗,𝑏/𝑠𝑐,𝑚𝑎𝑥
𝑐ℎ/𝑑𝑖𝑠
 5-28 
 𝐼𝑗,𝑏/𝑠𝑐,𝑚𝑖𝑛
𝑠𝑐ℎ/𝑠𝑑𝑖𝑠
≤ 𝐼𝑗,𝑏/𝑠𝑐
𝑠𝑐ℎ/𝑠𝑑𝑖𝑠
≤ 𝐼𝑗,𝑏/𝑠𝑐,𝑚𝑎𝑥
𝑠𝑐ℎ/𝑠𝑑𝑖𝑠
 5-29 
 
5.7.3 State of charge constraints 
The state of charge of the battery and the supercapacitor represents the amount of stored energy 
inside them. To maintain the long life of the energy storage system at charging mode, the state 
of charge should be limited to prevent degrading their lifecycle. In discharging mode, the 
discharging power from the energy storage system should be limited to keep the energy of the 
battery for next journey and increase the lifetime of the devices. The state of charge limitation 
is defined by the following formula: 
 𝑆𝑜𝐶𝑚𝑖𝑛 ≤∑ ∑ 𝑆𝑜𝐶𝑏\𝑠𝑐,𝑖𝑗
𝑗∈𝑁𝑖∈𝑇
≤ 𝑆𝑜𝐶𝑚𝑎𝑥 , ∀𝑖 ∈ 𝑇, ∀𝑗 ∈ 𝑁 5-30 
 
5.8 Case Study 
To explain the implementation of the optimisation algorithm strategy clearly under various 
circumstances, five scenarios of numerical simulation are explored in this chapter which cover 
the different scenarios of operation for EVs. There are four scenarios selected to simulate and 
analyse battery operation, whereas the last scenario is selected to simulate and analyse the 
supercapacitor operation. The scenarios are justifying the clarity of the methodology proposed 
for the EVs’ operation within the CSS based on the CSO controller.  These scenarios are 
explained below and shown in Figure 5-11:  
1- The first scenario concerns the strategy of first connected first charging, where the 
MGO could cover all demands of the EVs at the CSS. 
2- The second scenario concerns charging the EVs according to distributing the time slots 
of each EV to achieve the objective function where the microgrid could cover all 
demands of connected EVs at the CSS. 
3- The third scenario concerns the predicted charging slots of each EV according to the 
objective function. If the EV could not reach the desired leaving state of charge, the 
CSA will apply the priority strategy. The MGO provides 75% of EVs’ demands. 
4- The fourth scenario concerns charging or discharging the battery of the EVs according 
to the charging or discharging objective function. 
5- The fifth scenario is about charging or discharging the supercapacitor of the EVs 
according to the charging or discharging objective function. 
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All scenarios have 150 samples of EVs from different brands with different capacities of 
battery and supercapacitor connected at different times of the day, as shown in Apx_Table J-1 
in Appendix J. the number of EVs could be more or less. However, if more vehicles are used 
it could be difficult to present the results of the academic study. Similarly, a lower number of 
vehicles could result in the unrealistic distribution of EVs within the microgrid. Therefore, 150 
samples of EVs are about right to validate the proposed methodology of operating EVs within 
the microgrid based on the CSO controller.  
Originally, the EVs have had a battery as their main energy storage system; these  have been 
modified to include a supercapacitor as a power storage system to enhance the battery 
performance. Table J-1 in the Appendix J shows the related information for batteries and 
supercapacitors including rated capacity, control reference of the state of charge, the initial and 
required state of charge, and arrival and expecting to leave time for each vehicle. The 
supercapacitor charging characteristics are very fast, at about ten times faster than that of the 
battery. The capacity of the supercapacitor has chosen lower than the capacity of the battery. 
Thus, the first minutes of processing time are booked to the charging supercapacitor.  
The power tariff is the chosen variable based on the time of day, which starts at a lower price 
during the night. The tariff steps up in the early morning and increases gradually until reaching 
the maximum at midday. After that, it starts to reduce gradually until reaching its minimum 
tariff at midnight; then it is kept constant until early morning, as shown in Figure 4-11. The 
power tariff is stored by the market operator (MO) at a territory control level, which is 
responsible for providing the tariff rate for all control levels of the system. 
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Figure 5-11: Explanation of applied scenarios 
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5.8.1 Scenario one 
In this case, the MGO sends information to the CSO to start charging all connected EVs to the 
microgrid directly at any time of a day. The microgrid is healthy enough to cover all demands 
at any time of a day. The performance of each EV out of 150 over a day is in terms of the state 
of charge and power consumed, as depicted in Figure 5-12 and Figure 5-13 respectively where 
the curves show the response of initial SoC of EVs at connected time and zero at disconnected 
time. Figure 5-12 clearly shows that all the EVs reached the desired state of charge before 
leaving the CSS. All EVs have charged continuously since being connected without 
interruption due to the available charging power from the MGO and missing optimisation 
algorithm. The charging current stop flow throws the converter of the EV when the state of 
charge reaches the desired level, as seen in Figure 5-13.  
 
A- State of charge for vehicles number 1-15 
 
A- Power consumed for vehicles number 1-15 
 
B- State of charge for vehicles number 16-30 
 
B- Power consumed for vehicles number 16-30 
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C- State of charge for vehicles number 31-45 
 
C- Power consumed for vehicles number 31-45 
 
D- State of charge for vehicles number 46-60 
 
D- Power consumed for vehicles number 46-60 
 
E- State of charge for vehicles number 61-75 
 
E- Power consumed for vehicles number 61-75 
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F- State of charge for vehicles number 76-90 
 
F- Power consumed for vehicles number 76-90 
 
G- State of charge for vehicles number 91-105 
 
G- Power consumed for vehicles number 91-105 
 
H- State of charge for vehicles number 106-120 
 
H- Power consumed for vehicles number 106-
120 
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I- State of charge for vehicles number 121-135 
 
I- Power consumed for vehicles number 121-
135 
 
J- State of charge for vehicles number 136-150 
 
J- Power consumed for vehicles number 136-150 
Figure 5-12: SoC of charging EVs with power 
demand 100% 
Figure 5-13: Power consumed of charging EVs 
with power demand 100% 
Figure 5-14 shows the comparison between the numbers of EVs connected to the CSS at 
time t with the number of EVs that do not reach the desired state of charge at the same time. 
All 150 samples of EVs start charging directly after connection until reaching the desired 
state of charge. Therefore, the number of EVs in dark blue bars start reducing until reaching 
zero before leaving time. Furthermore, the number of EVs that fully reached the desired state 
of charge is shown in Figure 5-15, where the light blue bars refer to the connected vehicle to 
the CSS and the dark blue bars refer to the EVs still charging towards the desire to leave 
state of charge. The cost of power charging for each EV is shown in Figure 5-16 which refers 
to the higher charging cost for high EV battery capacity. 
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Figure 5-14: Number of vehicles connected vs. number of vehicles that do not achieve the desired 
SoC at a specific time 
 
Figure 5-15: Number of vehicles connected vs. number of vehicles that do charge at a specific time 
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Figure 5-16: The cost of power charging for each vehicle 
 
5.8.2 Scenario two 
This senario seeking for objective function of finding minimum charging cost of EVs by 
applying the optimisation algorithm. The full demand of the CSO is coverd by MGO, whereas 
the CSO predicts the optimum slots of charging each EV. The CSO analyses the state of each 
EV periodically to predict the optimum slots to charge the EVs based on the objective function 
at equation 5-1. The performance of each EV over a day in terms of the state of charge and 
power consumed is depicted in Figure 5-17 and Figure 5-18 respectively where the curves show 
the response of initial SoC of EVs at connected time and zero at disconnected time. The results 
clearly show that all EVs reached the desired state of charge before leaving the CSS. 
Figure 5-17 shows that not all EVs charged at the instant connection to the microgrid, whereas 
the charging EVs fall into to three groups. In the first group, the EV charges instantaneously 
after connection, as shown in parts A and B of Figure 5-17, other EVs in the second group 
charge before leaving as shown in parts H, I and J, of Figure 5-17 whereas the rest of the EVs 
which belong to the third group distribute charging between the start time of connection and 
before leaving, as shown in parts C, D, E and F of Figure 5-17. The diversity of charging 
behaviour is dependent on the power availability and the optimisation algorithm, which 
distribute charging slots at minimum cost of power. Figure 5-18 shows the charging power of 
the three groups above based on the permission slots of the CSO agency. The current at the 
first group flow continues at the beginning of connection, whereas the second group draws zero 
current at the beginning of the connection. The current flows before leaving time for the second 
group. In contrast to the first and second groups, the charging current flow is distributed 
between the beginning of connection and before leaving time, whereas the period between them 
is zero current flowing. The converter carries a rated current for all EVs at charging time.  
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A- State of charge for vehicles number 1-15 
 
A- Power consumed for vehicles number 1-15 
 
B- State of charge for vehicles number 16-30 
 
 
B- Power consumed for vehicles number 16-30 
 
C- State of charge for vehicles number 31-45 
 
C- Power consumed for vehicles number 31-45 
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D- State of charge for vehicles number 46-60 
 
D- Power consumed for vehicles number 46-60 
 
E- State of charge for vehicles number 61-75 
 
E- Power consumed for vehicles number 61-75 
 
F- State of charge for vehicles number 76-90 
 
F- Power consumed for vehicles number 76-90 
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G- State of charge for vehicles number 91-105 
 
G- Power consumed for vehicles number 91-105 
 
H- State of charge for vehicles number 106-120 
 
H- Power consumed for vehicles number 106-
120 
 
I- State of charge for vehicles number 121-135 
 
I- Power consumed for vehicles number 121-
135 
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J- State of charge for vehicles number 136-150 
 
J- Power consumed for vehicles number 136-
150 
Figure 5-17: SoC from charging EVs with 
power demand 100% 
Figure 5-18: Power consumed from charging 
EVs with power demand 100% 
 
Figure 5-19 shows the comparison between the numbers of EVs connected to the charging 
station at time t to the number of EVs that do not reach the desired state of charge at the same 
time. The number of EVs not fully charged are still until a short time before leaving, as 
shown by the dark blue bars, whereas the charging EVs are distributed among all the periods 
of EVs’ connection, as shown by the light blue bars. Furthermore, the vehicles that fully 
reached the desired state of charge are shown in Figure 5-20, where the light blue bars refer 
to the connected vehicle to the CSS and the dark blue bars refer to the vehicles still charging 
towards the desired level of state of charge. The dark blue bars show that the EVs still 
charged during all the periods of connection based on the group classification. The cost of 
charging power for each EV is provided in Figure 5-21 which recorded less cost than the 
first scenario. 
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Figure 5-19: Number of vehicles connected vs. number of vehicles that do not achieve the desired 
SoC at a specific time 
 
Figure 5-20: Number of vehicles connected vs. number of vehicles not charging at a specific time 
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Figure 5-21: The cost of power charging for each vehicle 
 
5.8.3 Scenario three 
The difference between scenarios 3 and 2 is in applying the schedule charging and priority 
charging methodology to charge the EVs due to leaks in power provided by the MGO, whereas 
the MGO feeds 75% of the CSS total demand. Hence with scenario 3 it is possible to explore 
further based on Figures 5-24 to 5-31 during the following concepts. Sometimes the MGO 
cannot cover all the demands of the CSO. In this case, it is supposed that the MGO could cover 
about 75% of the load of the CSS. The CSO should charge all EVs, reaching the desired state 
of charge based on two functions, which are achieving the objective function at equation 5-1 
and applying the schedule charging at equation 5-3. The priority procedure analyses the level 
of the state of charge of each EV at the departure time based on the limit of the converter and 
the demand of the MGO.  
The performance of each EV in terms of the state of charge and consumed power is depicted 
in Figure 5-22 and Figure 5-23 respectively where the curves show the response of initial SoC 
of EVs at connected time and zero at disconnected time. Figure 5-22 shows that in addition to 
classifying the charging EVs to three groups, as in scenario two, there is fluctuation in charging, 
whereas some EVs have the opportunity to charge at the lowest price. However, it does not 
always take a charge due to the lack of electricity demand, as shown in all EVs especially in 
vehicles 12, 13, 14, and 15 of all groups. Figure 5-23 shows the charging power of the EVs, 
whereas the current flow through the converter of the EV is based on the permission slots of 
the charging optimisation function, schedule charging algorithm, and priority permission. 
Therefore, the current of EVs is not always at the rated value of the converter; it could be in 
the range of the minimum to maximum value of the converter range, in contrast to the previous 
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scenarios, whereas the current flow is always at the rated level of converters until achieving a 
full charge.  
The results showed that not all EVs reached the desired state of charge before leaving the CSS, 
as shown in Figure 5-24. The priority charging strategy is applied to make either all the EVs 
or most of them reach the desired level of state of charge in case not all the EVs reached it, as 
shown in Figure 5-25. Vehicle number 143 reached 85% of the desired state of charge. 
Therefore, the CSO informs the owner via the EVA to change the desired state of charge to a 
new calculation value. The alternative way to reach the desired state of charge is by giving 
permission to the CSO to ignore the optimisation function and return to the case one by 
applying an extra charging cost. Mathematically this is applied by changing the factor 𝜌 of 
equation 5-1 from the nominal value of 1 to 1.5, to inform the CSA of exceeding the 
optimisation function and charging the EV at the rated power of the converter by increasing 
the price of the UG tariff to 1.5.  
 
 
A- State of charge for vehicles number 1-15 
 
A- Power consumed for vehicles number 1-15 
 
B- State of charge for vehicles number 15-30 
 
B- Power consumed for vehicles number 15-30 
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C- State of charge for vehicles number 16-45 
 
C- Power consumed for vehicles number 16-45 
 
D- State of charge for vehicles number 46-60 
 
D- Power consumed for vehicles number 46-60 
 
E- State of charge for vehicles number 61-75 
 
E- Power consumed for vehicles number 61-75 
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F- State of charge for vehicles number 76-90 
 
F- Power consumed for vehicles number 76-90 
 
G- State of charge for vehicles number 91-105 
 
G- Power consumed for vehicles number 91-105 
 
H- State of charge for vehicles number 106-120 
 
H- Power consumed for vehicles number 106-
120 
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I- State of charge for vehicles number 121-135 
 
I- Power consumed for vehicles number 121-
135 
 
J- State of charge for vehicles number 136-150 
 
J- Power consumed for vehicles number 136-150 
Figure 5-22: SoC of charging EVs with power 
demand at 75% 
Figure 5-23: Power consumed of charging EVs 
with power demand at 75% 
Figure 5-26 shows the comparison between the number of EVs connected to the CSS at time 
t and the number of vehicles that do not reach the desire to leave state of charge at the same 
time. It is clear that the mathematical operation of the CSO becomes more complicated than 
scenarios 1 and 2, whereas the number of EVs are not fully occupied for most of the period 
on the connection and at the various values of the current. Therefore, the CSS still charges 
vehicles until the leaving time. However, the input information by the owners should be 
accurate enough to make an accurate calculation by the CSO for achieving a full charge 
before leaving. Furthermore, the vehicles fully reaching the desired state of charge are shown 
in Figure 5-27 where the light blue bars refer to the vehicle connected to the charging station 
and the dark blue bars refer to the vehicles still charging towards the desire to leave state of 
charge. The dark blue bars show that the EVs still charged during all the period on the 
connection. The cost of power charging for each vehicle and applying a priority strategy of 
charging is shown in Figure 5-28 and Figure 5-29 respectively. The cost of the priority 
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charging strategy could be a little bit higher than the cost of normal schedule charging 
strategy. However, the total charging cost of EVs at the third scenario is higher than at the 
second scenario and lower than the first scenario. 
 
Figure 5-24: The state of charge of each vehicle at 
departure time at the optimisation function 
 
Figure 5-25: The state of charge of each vehicle at 
departure time after applying the priority strategy 
 
Figure 5-26: Number of EVs connected vs. number of EVs that do not achieve the desired SoC 
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Figure 5-27: Number of vehicles connected vs. number of vehicles do charge at time 
\  
Figure 5-28: The total charging cost of each vehicle at the optimisation function 
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Figure 5-29: The total charging cost of each vehicle after applying the priority strategy 
 
5.8.4 Scenario four 
The states of scenario 4 are similar those of scenario 2 except for the discharging option of EVs 
with owner agreement to discharge those vehicles which are implemented by binary input 𝐷. 
Hence with scenario 4, it is possiable to explore further based on Figures 5-32 to 5-37 during 
the following concepts. 
The EVs can be represented as a resource for the microgrid in a congested electricity market, 
such as generator outage or a sudden increase in demand. Moreover, the reference for 
discharging the EVs is VBN, VOBN, FBN or FOBN. The CSO receives the discharging 
references from the MGO to start discharging all qualified EVs, either with scheduled 
discharging by applying equations 5-2 and 5-4 when the reference is VBN or FBN, or at the 
maximum converter rating power of the EV by applying equation 5-2 only when the reference 
is VOBN or FOBN. The CSA applies the selling tariff to the discharging EV.  
The performance of each EV regarding the state of charge and power consumed is depicted in 
Figure 5-30 and Figure 5-31 respectively where the curves show the response of initial SoC of 
EVs at connected time and zero at disconnected time. Figure 5-30 shows normal charging as 
in scenario 2. However, at midday, a variation in voltage happens that requires discharging 
qualified EVs. Therefore, the EVs in group two, which is shown in C, D, E, F, and G, respond 
to the MGO to discharge the resources to feed power to the microgrid, which is seen as reducing 
the state of charge of the battery for those vehicles. Figure 5-31 shows a similarly positive 
power flow to charge the battery of EVs as shown in scenario 2 except for the discharging 
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period, whereas the negative power starts feeding current to the microgrid of the discharging 
EVs group.  
Figure 5-32 shows that some EVs are slightly different from the leaving state of charge at 
leaving time because they are discharging some power from their resources.  
 
A- State of charge for vehicles number 1-15 
 
A- Power consumed for vehicles number 1-15 
 
B- State of charge for vehicles number 15-30 
 
B- Power consumed for vehicles number 15-30 
184 Chapter Five: Management of Electric Vehicles in Microgrids 
 
 
C- State of charge for vehicles number 16-45 
 
C- Power consumed for vehicles number 16-45 
 
D- State of charge for vehicles number 46-60 
 
D- Power consumed for vehicles number 46-60 
 
E- State of charge for vehicles number 61-75 
 
E- Power consumed for vehicles number 61-75 
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F- State of charge for vehicles number 76-90 
 
F- Power consumed for vehicles number 76-90 
 
G- State of charge for vehicles number 91-105 
 
G- Power consumed for vehicles number 91-105 
 
H- State of charge for vehicles number 106-120 
 
H- Power consumed for vehicles number 106-
120 
186 Chapter Five: Management of Electric Vehicles in Microgrids 
 
 
I- State of charge for vehicles number 121-135 
 
I- Power consumed for vehicles number 121-
135 
 
J- State of charge for vehicles number 136-150 
 
J- Power consumed for vehicles number 136-
150 
Figure 5-30: SoC of charging EVs with power 
demand 
Figure 5-31: Power consumed of charging EVs 
with power demand 
 
Figure 5-33 shows the comparison between the numbers of EVs connected to the CSS at 
time t to the number of vehicles that do not reach the desired state of charge at the same time. 
The operating of the CSS becomes more effective than in previous scenarios due to applying 
the discharging option, whereas the EVs that discharged their power reduced the state of 
charge of the battery that makes charging them more frequent than in previous scenarios. 
Furthermore, the vehicles that fully reach the desired state of charge are shown in 
Figure 5-34, where the light blue bars refer to the connected vehicle to the CSS and the dark 
blue bars refer to the EVs still charging towards the desire to leave the state of charge. The 
number of vehicles charging is increased compared with scenario 2 due to the discharging 
option. The net cost of power charging and discharging for each EV is shown in Figure 5-35 
which records a lower charging cost than in the previous scenarios. 
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Figure 5-32: The state of charge of each vehicle at departure time 
 
Figure 5-33: Number of vehicles connected vs. number of vehicles that do not achieve the desired 
SoC at a specific time 
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Figure 5-34: Number of vehicles connected vs. number of vehicles do charge at specific time 
 
Figure 5-35: The cost of power charging of each vehicle 
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5.8.5 Cost comparison of the previous four senarios 
The CSO should charge all EVs connected to the CSS to the desired level of state of charge 
with minimum cost. There are four successful strategies proposed in this dissertation. A 
comparison of the cost of power charging for each case is shown in Figure 5-36. A first connect 
first charge strategy recorded the highest price of charging the battery of the EV (red bars in 
the figure). Applying schedule charging on the CSO are divided into two modes. In the first 
mode, the CSO has a penalty of power to cover all connected demand, whereas the CSO could 
cover part of the connected demand in the second mode. The first scenario records a better 
power charging cost than the second one even when applying the priority charging strategy. 
The blue bars refer to the charging cost of the first scenario, whereas the pink bars refer to the 
charging cost of the second scenario. The best charging cost for the owner stated is when the 
vehicle starts discharging power to the microgrid (green bars in the figure). The discharging 
cost is assumed to be higher than the charging cost by 10% from the daily tariff at the time of 
discharge. In discharging mode, some EVs could not reach the desired leaving state of charge. 
However, they could increase revenue cost rather than paying to the CSO.  
The charging tariff of the EVs was increased after 6:00 sinusoidal until reaching the top at 
12:00 when it was starting to reduce a shown in Figure 4-11. For those vehicles connected 
around 12:00, the algorithm booked slots away from the midday at the beginning of the 
connection period or at the end of the connection period until reaching the desire to leave state 
of charge. This strategy made the microgrid cover the heavy demand at midday with high tariff 
and used the CSO as a resources node. The period of the connection of the EVs was divided 
into three groups before midday, around midday, and after midday. EVs 1-30 belong to the 
first group, 31-75 to the second group, and 76-150 to the third group. In the first case, all EVs 
started charging directly after connection, regardless of the cost of the electricity unit. 
Therefore, the first group of the EVs had a similar charging cost to the applied optimisation 
algorithm. However, the other groups had higher charging costs than the other cases. The 
second case expressed the optimum solution of operation by the CSO. It provided diverse slots 
for charging the EVs. The first and second group are charged as normal, as the first case is due 
to low charging cost in the early morning. The charging slot of the second group was diverted 
between the early and late connection periods. The CSO booked slots for charging some EVs 
at the second group at the early connection rather than late due to the lower price, as shown in 
vehicles number 31-42 and 61-72 Figure 5-18 parts C and E respectively, whereas vehicles 
number 46-60 in part D diverted between the beginning and end of the connection period. The 
third group was shifted to the late period of connection time. Case three had less flexibility 
than the other cases where the objective algorithm was applied to provide minimum charging 
cost. However, the demand was not available for all the EVs. Therefore, the CSO looked for 
charging slot to satisfy the limited demand of the MGO and reached the desire to leave state of 
charge at minimum charging cost. Thus, some EVs from the first group were still charging at 
the late time of the connection period which was at a higher cost than the early time of 
connection, as explained in Figure 5-23 parts A and B. Some EVs in the second group were 
charging at the mid-term of connection, which is the highest rate of charging cost, as shown in 
Figure 5-23 parts C, D, and E. The same behaviour was recorded for the third group where 
some vehicles were charging at the beginning term of the connection period, as illustrated in 
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Figure 5-23 parts H and J. However, case three had a lower charging cost than the first case 
and a higher cost than the second case. In the fourth case, the MGO informed the CSO to 
discharge qualified EVs connected at midday. Therefore, the second group and part of the third 
group responded to the CSO discharging option, as shown in Figure 5-31 parts C, D and E from 
the second group and parts F and G from the third group. Those vehicles sold the power stored 
at energy storage system at the highest tariff rate of the microgrid with 10% extra for the 
discharging option. Therefore, the revenue of discharging power was higher than paying for 
charging power at the same rate as the state of charge. Thus, the charging cost of case four 
recorded the lowest amount, as shown in Figure 5-36.  
 
Figure 5-36: Cost compression for all cases 
 
5.8.6 Scenario five 
The difference between scenario 5 and previous scenarios is in applying the optimisation 
methodology on charging and discharging the supercapacitors of EVs, whereas the MGO feed 
all demands of the CSS. Hence with scenario 5, it is possible to explore further based on Figures 
5-29 to 5-41 within the following concepts. The supercapacitor charging characteristics are 
similar to the electrochemical battery except that the supercapacitor can charge and discharge 
a virtually unlimited number of times. The charging supercapacitor is very fast which takes a 
much faster time than the battery at about 1-10 seconds. However, the rated of the converter 
limits the charging supercapacitor. In this study, the first minutes of the connection are reserved 
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to charge the supercapacitor of the EV fully by applying equation 5-1, whereas the discharging 
of the supercapacitor strategy is the same as the discharging battery strategy as in case four. A 
fuzzy interference programmatic solution is employed as a solution to make a logical decision 
for discharging the battery and supercapacitor within the EVO level. The fuzzy rule antecedents 
are the frequency of the microgrid, the voltage of the microgrid, the state of charge of the 
battery, and the state of charge of the supercapacitors, whereas the fuzzy rule consequence is 
the battery reference trajectory and the supercapacitor reference trajectory. The fuzzy power 
management for the battery and supercapacitor is the subject of the next chapter at section 6.7.2 
within PMS shell of management duel resources strategy.  
The performance of each EV regarding the state of charge and consumed power is depicted in 
Figure 5-37 and Figure 5-38 respectively where the curves show the response of initial SoC of 
EVs at connected time and zero at disconnected time. Figure 5-37 shows that the 
supercapacitors are very fast, fully charging within a couple of minutes of connection. 
Therefore, most of the potential of the CSS is directed to operate the batteries of EVs. The 
supercapacitors synergize the batteries of EVs to deliver the required power in discharging 
mode. The supercapacitor consumes the rated power of the converter to achieve full charging, 
as shown in Figure 5-38. The results clearly show that all EVs reached the full charge in the 
early minutes of connection and remained fully charged before leaving the CSS.  All the 
supercapacitors connected at midday have discharged power to the microgrid at the heavy load 
when the MGO treats the CSO as a resource node, as shown in Figure 5-38 parts C, D, E, F 
and G. The results clearly show that all EVs reached the desired state of charge before leaving 
the CSS even after discharging power at midday. The cost of power charging for each EV is 
shown in Figure 5-39. It refers to EVs having a higher capacity of the supercapacitor could 
bring more money from the discharging power. Therefore, the revenue of the discharging 
power increased as the capacity of the supercapacitor increased.  
 
 
A- State of charge for vehicles number 1-15 
 
A- Power consumed for vehicles number 1-15 
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B- State of charge for vehicles number 15-30 
 
B- Power consumed for vehicles number 15-30 
 
C- State of charge for vehicles number 16-45 
 
C- Power consumed for vehicles number 16-45 
 
D- State of charge for vehicles number 46-60 
 
D- Power consumed for vehicles number 46-60 
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E- State of charge for vehicles number 61-75 
 
E- Power consumed for vehicles number 61-75 
 
F- State of charge for vehicles number 76-90 
 
F- Power consumed for vehicles number 76-90 
 
G- State of charge for vehicles number 91-105 
 
G- Power consumed for vehicles number 91-105 
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H- State of charge for vehicles number 106-120 
 
H- Power consumed for vehicles number 106-
120 
 
I- State of charge for vehicles number 121-135 
 
I- Power consumed for vehicles number 121-135 
 
J- State of charge for vehicles number 136-150 
 
J- Power consumed for vehicles number 136-150 
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Figure 5-37: SoC of each vehicle along 
connected time 
Figure 5-38: Power of each vehicle along 
connected time 
 
Figure 5-39: The cost of power charging for each vehicle 
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5.9 Conclusion 
This chapter has illustrated the infrastructure of the charging station system, problem 
definition, and management layout of the CSO to manage the charging and discharging power 
for Many EVs from different brands connected at charging station system for avoiding 
congestion in the microgrid and satisfying the owners of the EVs. 
Charging the EVs depend on many variables, such as time of connection, period of connection, 
desire to leave state of charge, capacity of the energy storage system, rated power of the 
inverter, frequency and voltage level of the microgrid, the power availability that the CSO is 
allowed to consume from the MGO, and the tariff of the electricity unit at a specific time. 
According to the input, the MILP optimisation function is used to decide the power level of 
each vehicle and either charging all EVs or scheduling the charging of EVs. Generally, the 
charging decision of the CSO depends on the frequency and voltage level. The CSO starts to 
charge all the EVs normally at FN and VN, whereas the scheduled charging takes place at 
FAN, FOA, VAN, and/or VOA, as described in Table 5-3. If the frequency and voltage levels 
are at FBN, FOB, VBN, or VOB, the CSO could not charge all the connected EVs, therefore, 
curtail strategy should apply starting from the nearest to leaving the state of charge vehicle. 
The curtail strategy iterates until satisfying the available power from the MGO. 
The objective function of the optimisation algorithm is either achieving minimum charging 
cost or maximum discharging cost of the electricity unit. The electricity cost is chosen to be 
variable over a day. The scheduled charging is implemented according to the proposed 
nonlinear function which depends on the state of the charge level of the energy storage system. 
If the CSO predicts that it could not reach the desired state of charge at leaving time, then the 
priority charging should apply. The priority charging applies based on increasing the charging 
slots of the EV that leaves early without reaching the desired state of charge over the vehicles 
that stay longer. The priority charging could increase the cost charging of some EVs slightly. 
If the priority charging does not achieve the desired leaving state of charge, the CSO suggests 
a new level of leaving state of charge to the owner of the vehicle. The role of the CSO is flexible 
to allow the EVs to charge directly at the rated power of the inverter with the extra cost of the 
normal tariff.  
Discharging the EVs is a feature that makes them work bidirectionally with the microgrid. It 
helps the microgrid to balance the load in a stable condition. The discharging EVs provide the 
owners with revenue from selling the power of the resources to the microgrid. It encourages 
the owners of the EVs to charge those vehicles at a low rate tariff and make them ready to 
discharge at a high rate tariff which is normally the highest demand time on the network. The 
discharging EV depends on the acceptance of the owner, predefined limit of the state of charge, 
frequency deviation, and voltage deviation. The minimum limit of discharging the battery and 
supercapacitor has been chosen as 70% and 40% respectively. The frequency and voltage 
deviation of discharging EVs have been chosen within the range of FBN, FOB, VBN, and 
VOB, as described in Table 5-3. The MILP optimisation function using the MATLAB 
environment and Cplex software is chosen to manage the discharging EVs during the frequency 
and voltage deviation according to the power required from the MGO. The objective function 
of the optimisation algorithm is achieving the maximum power discharging cost of the EVs.  
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A case study of 150 EVs from 15 brands connected at different times of a day is chosen to 
focus on the snapshot operation of charging and discharging the EVs. To offer useful insight 
when studying the operation of EVs, the case study is divided into four cases of charging the 
battery of the EVs.  The first and second cases studied stable microgrid operation where the 
MGO had provided the full demand from the EVs. The first case discussed charging the EVs 
directly after connecting to the microgrid, whereas the second case applied the proposed 
optimisation algorithm. The third and fourth cases studied fluctuation in the microgrid where 
the MGO had provided part of the EVs’ demand. The third case discussed applying the 
optimisation algorithm and priority charging strategy to the vehicles that could not reach the 
desired leaving state of charge, whereas the fourth case applied the discharging algorithm to 
the qualified EVs. All the EVs in case one reached the desired to leave state of charge as in 
case two. However, the cost of electricity units for some EVs, which are still charged at the 
high tariff rate, in case one is higher than charging in case two.  
The optimisation algorithm shifted all the vehicles charging at high rate tariff to lower cost 
whereas other vehicles still charge normally as in case one. Not all vehicles reached the desire 
to leave state of charge in case three, therefore applying priority charging of most of the 
vehicles to the desired leaving state of charge except one vehicle, which is number 134, where 
the CSO informed the owner of the applicable level that can be reached. The cost of charging 
EVs at case three after applying the priority strategy is almost the same as the cost of charging 
EVs in case two. Some EVs started discharging the energy of the battery at a specific time, 
which is midday, in case four. The MGO informed the CSO to manage the discharge of 
qualified EVs at midday to synergize the distributed generator in order to balance the load. The 
discharged battery of many EVs could not reach the desire to leave state of charge at leaving 
time. However, all the vehicles discharged power has revenue from the cost of discharging, 
which is higher than the charging cost tariff by 10%.  For vehicles having a high battery 
capacity, this could generate high revenues from discharging the energy of the battery, reaching 
70% of the state of charge of the battery. This offers a benefit from charging vehicles at the 
low rate of charging, such as after midnight and making them ready to discharge at a high rate 
tariff such as midday to generate money from the microgrid rather than paying it at same 
charging and discharging level of state of charge.  
Case five observed how fast charging and discharging the supercapacitor compares with 
battery. However, the rated capacity of the supercapacitor is much less than the rated capacity 
of the battery, and the charging and discharging rate of the supercapacitors are much higher 
than the battery at the same rate of capacity.  
The CSS is vital to ensure deployment of EVs in society and management of the operation of 
the EVs within the microgrid. The appropriate rules are the supreme of operating the CSS to 
avoid congestion in the microgrid operation. 
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6. Chapter Six: Mangment of Multiple Resources in Electric 
Vehicles 
 
6.1 Introduction 
The previous chapter describes the middle tier policy planning of the modular management 
structure to handle the centralised charging and discharging aggregated EVs connected to the 
specific bus bar on the network to achieve either minimum charging cost or maximum 
discharging cost for each EV. The system has been designed as a unified systematic framework 
where the power management decomposes into modular blocks in chronological executions.  
Smart charging of EV allows cooperation between the vehicle and the microgrid regarding 
scheduling charging and discharging profiles to achieve technical and economical benefits.  
The previous chapter discussed the centralised smart charger of aggregated EVs that connected 
to the CSS. The most important part of the centralised smart charger collects and circulates a 
large amount of data from the vehicles to the CSO and from MGO to CSO. The EVA is the 
responsible equipment to supply the information of the EVs to the CSO whereas the MGO 
agent is responsible for providing the information of the microgrid to the CSO. Therefore, 
congestion of information may happen that delays the reference signal for each vehicle 
regarding charging or discharging. A significant negative impact happenes when the MGO 
requires power to maintain the stability of the system, whereas the CSO continous to activate 
the charging mode. On the other hand, the decentralised smart charger fuelled each vehicle 
collaborates between the smart controller and the EVA. The EVA in the previous chapter is 
displayed as a buffer equipment to inform the microgrid about the states of the EV at each 
period of operation and to control the power flow between the microgrid and the storage energy 
system of the EVs. The cooperation between the centralised smart charger topology and 
decentralised smart charger topology increases the reliability and sustainability of the system. 
It is possible to merge the smart controller and the EVA into one part, as the main controller of 
the vehicle in running mode and assistant controller for the CSO in connected mode. The 
emerging system is called smart controller agent (SCA). Therefore, each vehicle should ensure 
the SCA controls and manages the EV when it is running or connected to the CSS to synergize 
the centralised charger under fluctuation operation conditions. Typically, both battery and 
supercapacitor of the EV supplies direct current (DC) mode. On the other hand, both the motor, 
which runs the vehicle and the microgrid works in Alternating Current (AC) mode. A converter 
is a very efficient electronic device that is used to connect the vehicle resources to the motor 
or the microgrid to alternate between DC and AC with specific waveform characteristics 
regarding the input voltage, output voltage, frequency, and power capacity.  
This chapter describes the lower tier of the modular management structure which decides 
appropriate actions of the process planning or short-term process of either applying the 
instruction to the middle tier (CSO) or the decentralised charging/discharging aggregated EV 
in order to manage synchronising the waveform of the resources with the network, arbitrate the 
required energy between the battery and supercapacitors, and apply the switching modulation 
to operate the inverter. The integration is between the EV and the microgrid across the modified 
cascade multilevel inverter and set of controller processes through the Electric Vehicle 
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Operator (EVO). The EVO involves a holistic modular process from three shells which operate 
at different execution times. The controller target of the EVO is achieved by linking three sub 
processes which involve the management energy shell (MES) to regulate the energy 
management of the resources, the power management shell (PMS) to advise the arbitrating 
power of the resources, and the power electronic shell (PES) to instruct the modulation strategy 
of the switches. The controllers of the shells apply several processes which include detecting 
the positive sequence of waveform, droop controller, and vector controller at EMS, heuristic 
fuzzy logic at PMS, and modified Space Vector Pulse Width Modulation (SVPWM) at PES. 
 
6.2 Algorithm Design of Hierarchical Management Concept to Power and 
Energy Management of the EVO 
As the complete process to obtain the desired results for charging or discharging the EV, it 
should simplify the system to manage the charging and the discharging power of the resources 
and control the waveform characteristics. It is clear that the system has many resources, which 
are the battery, the three supercapacitors, and the microgrid. The direction of required power 
is either from microgrid to battery and/or supercapacitors in charging mode or from 
supercapacitors and/or battery to microgrid in discharging mode. The management of the 
system focuses on utilising all available resources to achieve the desired power from each one 
in a specific direction with maximum efficiency. The control focuses on implementing and 
executing the management strategy to achieve the standard waveform of the system. The 
management process requires identifying a strategic vision, setting an objective, and 
identifying a strategy.  
The management organisation consists of three perspectives: long-, middle- and short-term; 
each one executes a different task at a different time. The long-term period involves the 
decision of energy expenditure from the resources. The middle-term period involves the 
decision of the power management to define the power split decisions of the battery and the 
supercapacitors. To control the switching function of 18 switches, the short-term period is 
responsible for decomposing the reference power trajectory into multilevel space vector pulse 
width modulation.  The long-term period takes places within an energy management shell 
(EMS). The EMS period has a lower time segment which is seconds as it has slower dynamic 
parameters. The EMS provides control parameters to the middle-term period to implement 
power management strategy. The middle term takes places within a power management shell. 
The power management shell (PMS) time segment is milliseconds where it compares four 
parameters, which are voltage and frequency of the microgrid, the state of charge of the battery 
and the supercapacitors to handle the direction, and the amount of power of the resources.The 
PMS provides control parameters to the short-term period to implement space vector pulse 
width modulation. The short-term takes place within a power electronic shell. The power 
electronic shell (PES) has a faster time segment, i.e. microseconds, as it treats the frequency 
modulation signal, which is very high frequency compared with a fundamental frequency of 
the microgrid. The PES provides a signal to the switching devices to process the voltage and 
current of the battery and the supercapacitors. The three shells of the PEMS implementation 
requirement, described as a hierarchical decision, are illustrated in Figure 6-1. 
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Figure 6-1: EVO optimisation algorithm 
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6.3 Modelling and Application of Energy Storage Systems 
The stored energy and the rate of extracting this energy are important characteristics for the 
application of the EV’s energy storage system. The stored energy refers to the energy capacity 
of the device, whereas the rate of extraction relates to the power rating of the device. In order 
to engage the EVs’ storage devices with a microgrid, the operating constraint for the energy 
storages need to be considered; in addition, the energy and power management must be studied.   
The battery is considered to be the main resource to power the EV. The battery produces the 
electric charge through a chemical process. Therefore, it could store high energy as a capacity 
to do work. However, due to the chemical process, the battery may not be fast enough to deliver 
the stored energy. On the other hand, the supercapacitor stores the energy in a static charge 
form. Therefore, the supercapacitor stores less energy than a battery. However, it is much 
higher to deliver the power to the application than the battery [322]. In relation to the 
hybridization, the battery and supercapacitor in an EV complement each other to deliver energy 
strategically to meet transient demand. This dissertation expresses the battery as the main 
source of the EV and the supercapacitor as an auxiliary source of the EV. 
 
6.3.1 Battery system of electric vehicles 
In EVs’ application, the battery is considered to be a key component of the EVs to store 
electrical energy, which has the highest cost, weight and volume of the equipment of the EV; 
desirable parameters of the battery system are the higher number of life cycles and a large 
amount of energy and power consumption. Most technologies of EVs are using the harsh 
bidirectional environment rechargeable battery to meet the subjected operation of the EV.  
The battery in the EV consists of many electric cells connected in series or parallel to reach the 
desired voltage and increase the total capacity. The cells contain positive and negative 
electrodes that are joined by an electrolyte. There are different types and sizes of batteries for 
EV purposes which have different characteristics. However, the lead acid battery is the most 
well-known rechargeable battery. On the other hand, the battery technology of EVs is still 
under researched. However, the same battery capacity of lithium-ion and lead acid results in 
the less weight and volume of the lithium-ion than the lead acid. Therefore, most of the 
companies used lithium-ion technology in EVs application. According to research the lead acid 
battery is cheaper and has better known parameters than the lithium-ion battery. Thus, the lead 
acid battery is used in this research. Therefore, it is considered in this work that the current 
flows through a battery when the external circuit is completed. Thévenin’s model equivalent 
circuit of the battery and the corresponding voltage characteristics of the battery’s stored charge 
capacity are shown in Figure 6-2; the battery has been represented as a resistance connected in 
series with an ideal open circuit voltage. This basic model does not represent the dynamic 
behaviour of the battery. However, it gives a good voltage prediction of the battery [323, Sec. 
3.12]. 
The terminal voltage can be found using Kirchhoff’s voltage law as follows: 
 V = Eo − IRin 
6-1 
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The open circuit voltage and internal resistance depend upon the state of charge at the 
instantaneous state of the battery and temperature. Empirical methods could find the open 
circuit voltage. The internal resistance is preferable to be low as possible to keep the voltage 
droop remarkably small when the current is drawn by the circuit. The internal resistance of the 
battery for charging mode is different from a discharging mode, where the internal resistance 
for discharging mode is normally higher than the charging mode. One of the most important 
features of the lead acid battery is having extremely lower internal resistance than other types 
of batteries. A good estimation of the internal resistance of the lead acid battery can be 
calculated by 
 Rin = N ×
0.022
C
 
6-2 
whereas the open circuit voltage of the lead acid battery can be written as [323, Sec. 3.12]. 
 E = N × (2.15 − DoD × (2.15 − 2)) 6-3 
 
 
A- Modelling Battery equivalent 
circuit 
 
B- Terminal voltage supply as a function of charge 
capacity 
Figure 6-2: Battery basic equivalent circuit and voltage characteristic 
 
In the EV application, the current drawn from the battery is high. It is important to predict the 
effect of current on the capacity of the battery as the capacity of the battery is reduced when 
the current is drawn quickly from the battery. The best way to determine the empirical 
relationship between capacity, current, and time is by using Peukert’s model of battery 
behaviour, even though it is not very accurate at low current drawn from the battery. The 
method supposes a constant Peukert capacity that is given by 
 Cp = I
k × T 6-4 
k is suggested empirically according to the kind of battery. It reaches 1 for a small current and 
2 for a large current. However, practically it has a range between 1.05 and 2. Typically, it is 
equal to 1.2 for a lead acid battery. Equation 6-4 assumes that the battery discharges at constant 
current till flat and last T hours [323, Sec. 3.12]. 
Rin
Eo
V
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The state of charge (SoC) of the battery represents the ratio of actual battery capacity to the 
nominal capacity. The SoC indicates the amount of energy that charges or discharges from the 
battery; the SoC is formulated as follows [324, Sec. 3.12]: 
 SoC =
actual battery charge 
total battery charge
 6-5 
The accuracy in estimating the SoC is necessary to give precise information regarding the 
amount of energy that could be used in the energy management scheme of the system. Various 
methods are used to estimate the SoC, such as an analytical method based on Peukert’s equation 
[323, Sec. 3.12], [325], heuristic method modelling [326], and a combined approach using a 
empirically obtained look-up table [327, Sec. 7.2.1].  
In most SoC estimation methods, the battery current is integrated over time and related to the 
nominal battery capacity. The charge removed from or supplied to the battery can be calculated 
based on the integrated Peukert’s current and normal current over time, by the following 
forms[323, p. 69,70]: 
 CR(n + 1) = CR(n) +
∫ Ik
t1
t0
(t)dt
3600
 
6-6 
 CS(n + 1) = CS(n) +
∫ I(t)
t1
t0
3600
 
6-7 
The depth of discharge for the battery is calculated from the charge removed related to 
Peukert’s capacity, as stated in equation 6-8, whereas the state of charge can be calculated from 
the charge supply related to the nominal capacity by the following forms [323, p. 70]: 
 DoDn =
CRn
Cp
 6-8 
 SoCn =
CSn
Cn
 6-9 
 
The battery model equations can be calculated in discrete time steps of real-time control 
application, as shown in the folloing forms [323, p. 70], [324, Sec. 3.12]: 
 DoD(n+1) = DoDn +
Ik × ∆t
Cp × 3600
 
6-10 
 SoC(n+1) = SoCn +
I × ∆t
Cn × 3600
 6-11 
 
∆t is the sampling period between n and n+1. The sampling time has been kept small to ensure 
that the current of the battery remains constant during the time steps [323, Sec. 3.12]. 
The power and current of the battery can be calculated by 
 P = VI = EI − RI2 6-12 
Chapter Six: Management of Multiple Resources in Electric Vehicles 205 
 
 I =
E − √E2 − 4Rin × P
2Rin
 
6-13 
If the current is flowing into the battery, then the voltage and current equations can be 
calculated by  
 V = E + I × Rin 
6-14 
 I =
−E + √E2 + 4 ∗ Rin ∗ P
2 ∗ Rin
 
6-15 
The charging is removed, and the state of charge can be described by  
 CR(n + 1) = CR(n) −
Ik × ∆t
3600
 
6-16 
 CS(n + 1) = CS(n) −
I × ∆t
3600
 
6-17 
Figure 6-3 explains the implementation of a battery state of charge estimation, including all 
required parameters. 
At high charging current, the Peukert correction will be removed as it does not have a 
proportionately effective impact at a small current.  
The maximum charging or discharging power of the battery is limited by the maximum 
allowable charging or discharging current, minimum terminal voltage, and temperature. The 
maximum charging current is less than the maximum discharging current because the charge 
acceptance rate is always less than the charge release rate [323, Sec. 3.12]. The maximum 
charging and discharging power can be formulated by 
 𝑃𝑐ℎ,𝑚𝑎𝑥 = 𝐼𝑏,𝑚𝑎𝑥 × 𝑉𝑜𝑐,𝑆𝑜𝐶 + 𝐼𝑏,𝑚𝑎𝑥
2 × 𝑅𝑖,𝑆𝑜𝐶 
6-18 
 𝑃𝑑𝑖𝑠,𝑚𝑎𝑥 = 𝐼𝑏,𝑚𝑎𝑥 × 𝑉𝑜𝑐,𝑆𝑜𝐶 − 𝐼𝑏,𝑚𝑎𝑥
2 × 𝑅𝑖,𝑆𝑜𝐶 6-19 
where 𝑉𝑜𝑐,𝑆𝑜𝐶 and 𝑅𝑖,𝑆𝑜𝐶 are the battery state of charge dependent upon the circuit voltage and 
internal resistance respectively.  
The maximum charging and discharging power are also limited by the maximum charging 
voltage, as stated in the following:  
 𝑃𝑐ℎ,𝑚𝑎𝑥 = 𝑉𝑏,𝑚𝑎𝑥 × [
𝑉𝑏,𝑚𝑎𝑥 − 𝑉𝑜𝑐,𝑆𝑜𝐶
𝑅𝑖,𝑆𝑜𝐶
] 6-20 
 
𝑃𝑑𝑖𝑠,𝑚𝑎𝑥 = 𝑉𝑏,𝑚𝑖𝑛 × [
𝑉𝑜𝑐,𝑆𝑜𝐶 − 𝑉𝑏,𝑚𝑖𝑛
𝑅𝑖,𝑆𝑜𝐶
] 
6-21 
where 𝑉𝑏,𝑚𝑎𝑥 and 𝑉𝑏,𝑚𝑖𝑛 are the maximum and minimum allowable voltage that can be applied 
to the battery 
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Figure 6-3: Combined method for practical implementation of SoC estimation (adapted from [324, 
Sec. 3.12], [327, Sec. 7.2.1]) 
 
6.3.2 Supercapacitor system of electric vehicles 
A supercapacitor is another resource for the energy storage system. It has higher capacitance 
than the regular capacitor. The supercapacitor stores energy as a static charge as opposed to an 
electrochemical reaction. Therefore, it has higher specific power stored than a battery with 
lower energy, which enables the supercapacitor to work in a complementary manner to the 
battery, as shown in the Ragone plot of Figure 6-5, in addition to using lower toxicity of 
material than the electrochemical battery.  A time constant for the supercapacitor is very fast 
compared with a battery. The ESR effects are on the time constant of the supercapacitor where 
the transient response time = 5T = 5(ESR (ohm).C (farad)), which is around 0.1-20 seconds, 
whereas the battery is much slower than the supercapacitor. There are many parameter effects 
on the time constant of the battery such as internal resistance, temperature, vibration due to 
chemical reaction, and uniform chemical reaction. A supercapacitor is a potentially versatile 
solution to a variety of emerging energy applications based on the ability to achieve a wide 
range of energy and power density. The charging characteristics of the supercapacitor are 
similar to the charging characteristics of an electrochemical battery; however, the storage 
mechanism itself is very different. Consequently, the charging or discharging time of the 
supercapacitor is much faster (about 10 times faster) than the charging or discharging time of 
the battery at a similar capacity. Unlike the electrochemical battery, the age of the 
supercapacitor is longer than the battery; in addition, the supercapacitor could be charged or 
discharged at a much higher cycle rate than the battery even though in low temperature 
𝑉𝑏𝑎𝑡,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
Total usable (Ah) 
𝐼𝑏𝑎𝑡,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
Stabilised 𝑉𝑜𝑐  
Charging (+Ah) 
Discharging (-Ah) 
𝐼𝑏𝑎𝑡 = 0 
∫ 𝐼𝑏𝑎𝑡𝑑𝑡
𝑡
0
 
Peukert’s Equation 
&𝐼𝑏𝑎𝑡 < 0 
&𝐼𝑏𝑎𝑡 > 0 
Stabilisation Timer 
𝑆𝑜𝐶 vs 𝑉𝑜𝑐  vs 𝑇𝑒𝑚𝑝 
Look-up table (𝑆𝑜𝐶 adjustment) 
𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝐴ℎ + 𝐴𝑑𝑑𝑒𝑑 𝐴ℎ
𝑇𝑜𝑡𝑎𝑙 𝑢𝑠𝑎𝑏𝑙𝑒 𝐴ℎ
 
𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝐴ℎ − 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐴ℎ
𝑇𝑜𝑡𝑎𝑙 𝑢𝑠𝑎𝑏𝑙𝑒 𝐴ℎ
 
𝑆𝑜𝐶 
External Charger (sets 𝑆𝑜𝐶 to 100% after a full charger) 
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  
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conditions [328, Sec. 10.2]. A high load current could be drawn from the supercapacitor due to 
the low internal resistance. A supercapacitor is located in between the battery and a 
conventional capacitor for balancing energy and power density. Many cells are connected in 
series and parallel with a voltage balancing to achieve specific voltage and capacity, where 
each cell has a low voltage. 
There are many representations of a supercapacitor model; the simplest model could be 
represented as lumped capacitance, equivalent series resistance (ESR), and equivalent parallel 
resistance (EPR), as shown in Figure 6-4. Estimating the state of charge of the supercapacitor 
is easier than for the battery.  
 C
EPR
ESR
 
Figure 6-4: Modelling of supercapacitor 
EPR represents the current leakage; it has an influence on the long-term energy storage. EPR 
effects on the cell voltage distribution are due to the resistor divider effect. Experimentally, 
EPR could be neglected due to transient discharge calculation. However, EPR is important for 
considering the cell balancing of the series connection of supercapacitors. The ESR is 
considered to be a non-time dependent parameter whereas the EPR which relates to the voltage 
decay ratio can be calculated by [329] 
 EPR =
−t
ln (
V2
V1
)C
 6-22 
where V1,V2, and C are the initial voltage, the final voltage, and the rated capacitance 
respectively. 
Power and energy transfer requirements specify the sizing of the supercapacitor where the 
power constraint determines how fast the extracted energy could be.  
The fundamental voltage and current equations of the supercapacitor can be described as 
follows: 
 i = C
dv
dt
 
6-23 
 E =
1
2
CV2 
6-24 
The available energy for the supercapacitor during discharging can be calculated by. 
 En
n+1 =
1
2
C(Vn
2 − Vn+1
2 ) 
6-25 
The usable energy of the supercapacitor, depending on a minimum to a maximum allowable 
voltage ratio, is shown in equation 6-26. Therefore, the state of charge of the supercapacitor 
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could be calculated from the ratio of initial voltage to maximum voltage, as shown the 
following [330]: 
 𝐸𝑢 =
1
2
𝐶𝑉𝑚𝑎𝑥
2 −
1
2
𝐶𝑉𝑚𝑖𝑛
2 = 𝐸𝑚𝑎𝑥 [1 −
𝑣𝑑
100
] 
6-26 
 𝐸𝑚𝑎𝑥 =
1
2
𝐶𝑉𝑚𝑎𝑥
2  
6-27 
 𝑣𝑑 =
𝑉𝑚𝑖𝑛
𝑉𝑚𝑎𝑥
× 100 6-28 
 𝑆𝑜𝐶 =
𝑉𝑠,0(𝑡)
2
𝑉𝑚𝑎𝑥2
 
6-29 
 𝑉𝑠,0(𝑡)
2 = 𝑉𝑠(𝑡) − 2𝑅𝑠 × 𝐼𝑠(𝑡) 
6-30 
where 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 are the maximum and minimum terminal voltage respectively.  
𝐸𝑢 and 𝐸𝑚𝑎𝑥 are the usable and maximum stored energy respectively and 𝑣𝑑 is the voltage 
discharge ratio. 
The maximum power of supercapacitor can be calculated by 
 Pscap,max =
Vscap
2
4ESR
 
6-31 
A general comparison between the supercapacitor and Lithium-ion battery could be found in 
Table 6-1. 
 
Table 6-1: Performance comparison between supercapacitor and Lithium-ion [331]. 
Function Supercapacitor Lithium-ion (general) 
Charge time 
Cycle life 
Cell voltage 
Specific energy (Wh/kg) 
Specific power (W/kg) 
Service life (industrial) 
Charge temperature 
Discharge temperature 
1–10 seconds 
1 million or 30,000h 
2.3 to 2.75V 
5 (typical) 
Up to 10,000 
10-15 years 
–40 to 65°C (–40 to 149°F) 
–40 to 65°C (–40 to 149°F) 
10–60 minutes 
500 and higher 
3.6V nominal 
120–240 
1,000–3,000 
5 to 10 years 
0 to 45°C (32°to 113°F) 
–20 to 60°C (–4 to 140°F) 
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Figure 6-5: Ragone plot of energy storage system [332] 
 
6.4 Power Arbitration of Dual Resources in Electric Vehicles 
The main challenge in designing an electric system to integrate the EV into the microgrid is 
finding a way to fill short-term power as well as long-term energy. Combining the battery and 
supercapacitor into a hybrid system satisfies short-term power from the supercapacitor and 
long-term energy from the battery; this combination increases the longer service life of the 
battery by reducing battery stress. The supercapacitor is very effective in supplying a power 
gap lasting from a few seconds to a few minutes to reduce peak power usage from the battery. 
The supercapacitor can be recharged very quickly even during regenerative braking, whereas 
regenerating the kinetic energy to electric energy could improve the energy storage capability 
of the EV, due to recovered energy, by converting the braking torque into energy-based saving 
[333]. However, this kind of charging is not sustainable. On the other hand, it could charge the 
supercapacitor rather than waste the braking energy within a short time, about 0.1-20 seconds, 
based on the capacity of the supercapacitor. 
The supercapacitor interfaces combined usages of the energy resources in a synergistic way to 
strategies and attribute power flow, which is working ideally as a peak load enhancer to deliver 
high current on acceleration. Using the supercapacitor prevents building the voltage sag during 
the acceleration of the EV. Another function of the supercapacitor is to back up the battery and 
to provide power until the battery stabilises. However, hybridization of the EV energy storage 
systems makes the energy management problem more complicated, where reasonable energy 
management strategy is required to: 
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 Manage the energy and power expenditure to meet the proportional vehicle demand 
without harming the resources and shortening its longevity.  
 Manage the charging of energy storage systems as the main control unit in a 
decentralised charging strategy or assistant control unit in a centralised charging 
strategy.  
 Establish a method of power split between the energy resources to interface the power 
discharging requirement of the EV into the microgrid.     
The strategy of sharing power and energy management between the battery and the 
supercapacitor, presented in [334], is academically implemented on a small vehicle based on 
its journey on the New York driving cycle in order to estimate the instantaneous traction power 
and the capability of the power delivery of resources, as shown in Figure 6-6 A-D. The 
parameters for a typical, small EV are assumed as shown in Table 6-2 [335]. The figures show 
that the required power of the motor increases when the speed of the vehicle is increased. 
Therefore, the motor is accelerated within 36 seconds from zero to 93.5 kph for the first three 
patterns and within 68 seconds from zero to 87 kph for the fourth pattern of the journey, as 
shown in Figure 6-6-A. The power required from the motor is 7.7 kw at 93.5 kph and 16.2 kw 
at 87 kph, as shown in Figure 6-6-B.  
The supercapacitor delivers power at an instant until the motor builds its power to feed the 
motor with the rated power of the battery. At the same time, the power of the supercapacitor 
reduces proportionally with the increasing power of the motor to feed the rest of the net power, 
as shown in Figure 6-6 C and D. The braking regenerative power from the motor charges the 
supercapacitor four times at seconds (64, 124, 184, and 346) at different amounts of power, as 
shown in Figure 6-6-D 
 
Table 6-2: Parameters for a typical small EV. 
Aerodynamic drag coefficient 0.19 
The vehicle equivalent frontal area 1.8 m2 
The coefficient of rolling resistance 0.015 
Mass of vehicle with two passengers 820 Kg 
Tyre radius 0.261 m 
Estimated gear efficiency 0.91 
Density of air 1.25 Kgm-3 
Road gradient 0 
 
Chapter Six: Management of Multiple Resources in Electric Vehicles 211 
 
 
Figure 6-6: The capability of the power delivery of the battery and supercapacitor for a small vehicle 
based on NYCC driving cycle. 
 
The strategic power and energy management requires an efficient bidirectional converter to 
control the power flow of resources of the EV at maximum efficiency.  
 
6.5 Traditional Converter Topology versus Multi-Level Converter Topology 
Multilevel inverter technology is a very important alternative in the area of high-power 
medium-voltage energy control. The multilevel inverter performs the power conversion in 
small voltage steps by utilising a higher number of active semiconductor switches, whereas the 
traditional topology obtains a controllable voltage in two levels. The main difference between 
them is explained in the next two sections.  
 
6.5.1 Traditional converter topology 
A DC-DC voltage conversion topology is a variation of the standard buck and boost converters, 
as shown in Figure 6-7.  The switching device with the parallel diode of the converter operates 
at the switching frequency and duty cycle to achieve a specific DC output voltage. It consists 
of two switching devices, which are alternately gated, and an inductor connected in series with 
a DC source, in addition to shunt capacitors to filter the waveform.  The switching gate works 
synchronously to rectify power in a bidirectional mode that functions as a buck converter in 
B- Power required from Motor D- Power supplied from Supercapacitor 
C- Power supplied from Battery A- Speed of Journey 
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one direction and boost converter in the other direction. The duty cycle directs the voltage 
conversion ratio in both directions that makes one switch on whereas the other is off in a time 
cycle. Current flows through the circuit according to the voltage difference and series 
impedance between the resources. Furthermore, the current flows through the inductor in either 
direction at all times. Therefore, the inductor just works in a continuous mode. However, this 
topology is not capable of providing large voltage conversion ratios. In the other words, this 
topology is not efficient enough to provide a duty cycle less than 10% in the case of a high 
voltage ratio required, such as 200V:10V where the duty cycle is 5%; in addition to a high 
voltage ratio, it requires uneconomical switches that should operate at high peak voltage and 
high peak current [336, Sec. 2.1]. 
This topology works with various conversion ratios; however, the circuit should perform over 
a varied range of voltages. To achieve efficient performance, keep magnetic flux within limits, 
and handle a high voltage conversion ratio, the input and output of the circuit should be isolated. 
By adding a transformer as an isolator the duty cycle could reduce the voltage and current 
rating by lowering the voltage at the low voltage side and lowering the current at the high 
voltage side.  
The inductor, which is the main magnetic energy storage component of the traditional converter 
topology, could add a ripple to the circuit. The ripple should be reduced by adding a shunt 
capacitor to filter the waveform. The more ripple that is produced, the larger the capacitor that 
should be used, which is a nonlinear phenomenon; however, the capacitor slows the control 
system response to variations in the output voltage. The higher the capacitor is integrated,  the 
slower the response achieved, as shown in the follows: [336, Sec. 2.1].  
 C =
IL × D
Vpp × fs × (1 − D)
 6-32 
The capacitor has dissipative equivalent series resistance (ESR). This resistance causes a 
voltage droop that increases the actual voltage ripple in addition to creating power dissipation 
problems in the circuit. Figure 6-8, Figure 6-9 and Figure 6-10 show the ripple that adds to the 
DC circuit inductor, capacitor, and both of them, respectively. 
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Figure 6-7: Bidirectional converter topology 
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Figure 6-8: Voltage ripple due to inductor 
 
 
Figure 6-9: Voltage ripple due to capacitor 
 
 
 
Figure 6-10: Voltage ripple due to both inductor and capacitor 
 
Ripple on the circuit could increase the harmonics of the system by increasing the nonlinearity. 
Fewer ripples produce less edge of continuous inductor current mode, and less RMS switch 
current. Therefore, large inductance is integrated with the circuit to reduce the ripple’s effect. 
However, large inductance increases physical size, weight, cost, and complicated of the 
controller to the application based on the required voltage rating and flux. The effect of various 
magnetic flux currents (magnetisation effect) could be observed in the switching devices. The 
magnetisation effect adds large RMS current and more losses on the switches; in addition, a 
current saturation spike could happen. On the other hand, connecting many EVs to the 
microgrid with a large sized inductor could increase the inductive characteristics of the 
microgrid which then causes a negative impact on the power factor.  
Due to the resistivity of the inductive materials, which are made of one long wound piece of 
wire, high parasitic resistances are likely to be included in the circuit.  Therefore, a fraction of 
the dissipated power is produced by the converter, as formulated by [337]. 
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𝑉0
𝑉𝑖
=
−𝐷
𝑅𝐿
𝑅(1−𝐷)
+ 1 − 𝐷
 6-33 
If the inductor resistance is zero, the equation above becomes equal to that of the ideal case; 
however, when the RL increases, the voltage gain of the converter decreases compared with 
the ideal case. Furthermore, the influence of RL increases with the duty cycle. This is 
summarised in Figure 6-11. 
Integrating the inductor of the converter with the distribution line of the network makes the 
line characteristically more inductive, which reduces both the voltage of the line and the power 
factor of the network. Therefore, a large bank of capacitors should be connected to the 
distribution network to handle the effect of the inductor.  
 
 
Figure 6-11: Evolution of the output voltage of a buck–boost converter with the duty cycle when the 
parasitic resistance of the inductor increases [337]. 
 
There are two common types of closed loop controller used in bidirectional traditional 
topology: voltage mode and current mode. The voltage mode controller uses the output voltage 
feedback compared with a DC reference voltage to adjust the duty cycle of voltage regulation, 
whereas the current mode controller uses the inductor current feedback compared with output 
voltage to adjust similar voltage regulation, as shown in Figure 6-12. The literature by 
researchers provides a good design for the current mode control technique that provides distinct 
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advantages over the voltage mode control technique. The main advantage of the current mode 
control technique is limited inductor current by clamping the signal through current protection. 
However, the current mode controller has a complicated way of working. There are current 
measuring difficulties with enough bandwidth and stability issues, such as operating the duty 
cycle above 70%, with peak current control that requires using another technique, such as ramp 
compensation technique.   
 
a- Voltage closed loop controller mode 
 
b- Voltage and current loop controller mode 
Figure 6-12: Closed loop controller 
 
6.5.2 Multi-Level converter topology 
Since there is no need to add an inductor to boost voltage in a modified cascade H-bridge 
inverter, all the disadvantages listed for the traditional topology are avoided.  The modified H-
bridge converter works in optimum solution when compared with the traditional topology, 
where harmonic distortions and EMI can be significantly reduced in addition to the possibility 
of instantaneous energy transfer. The modified H-bridge converter has a low number of 
components, modularized circuit layout and packaging, and the variety of switches manage 
and control the batteries and supercapacitors in a synergistic way. It provides the separation of 
DC sources, which allows batteries and supercapacitors to be easily accommodated into this 
multilevel structure; in addition, the inverter works as an isolator between the resources and 
load. The modified H-bridge converter concept is found to be a most appropriate approach to 
replace three single cells with one three-phase bridge to apply to the proposed drive train.  
The above topology allows using a single battery bank and multi-supercapacitors that can 
operate as an active filter. The number of switches required to assemble this set is smaller than 
three single cells and also smaller than a typical five-level cascade, which is made up of six 
cells or 24 switches, whereas the set at hand only has 18 switches, which can reduce up to 25% 
of inverter cost. Therefore, the modified cascade H-bridge converter has been chosen according 
to those advantages. 
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Figure 6-13: Schematic diagram of a modified H-bridge multi-level converter 
 
6.6 Charging Station Systems Infrastructure  
A Charging Station System (CSS) is an essential part of the integration of EVs into the 
microgrid. The CSS requires regulating the active and reactive power exchange between the 
EV and the microgrid. The active and reactive power exchange is associated directly with the 
frequency and voltage of the system. The charging station controller is responsible for 
regulating the integration between the EV and the microgrid to keep the frequency and voltage 
under certain limits based on the network characteristics. The charging station manages to 
charge the different dynamic response resources until reaching the desired charging limit state. 
The CSS is the main interface between the microgrid and mobile energy storage of the EV to 
improve the response of both.   
A modified cascade multi-level H-bridge inverter without inductors has been chosen for this 
study to achieve good performance both of high power and high efficiency. This topology is 
supported by the Oak Ridge National Laboratory, which presented at 23-27 September 2007 
[338]. It consists of a three-phase bridge with the main DC link fed by a single DC resource 
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(battery), and each phase series-connected respectively to an H-bridge fed by a floating DC 
resource (supercapacitor) where the voltage is allowed to vary depending on the energy stored, 
as shown in Figure 6-13. This type of modified cascade multilevel inverter is selected since the 
structure is known to deliver a high number of output voltage levels for a relatively low number 
of switches, and the DC sources are isolated [339], [340]. 
The output voltage waveform depends on the correlation between the voltages of isolated DC 
resources 𝑉𝑏𝑎𝑡, 𝑉𝑐𝑎, 𝑉𝑐𝑏, 𝑉𝑐𝑐. The three-phase bridge can generate eight voltage vectors and each 
single H-bridge can generate four voltage vectors, as illustrated in Table 6-3 and Table 6-4  
respectively. The inverter can modify the phase voltage waveform based on the ratio of (
𝑉𝑏𝑎𝑡
𝑉𝑠𝑐
). 
The inverter could be treated as one inverter when the voltage ratio is an integer number and 
the voltages of the supercapacitors are balanced, or separate inverters when the voltage ratio is 
a fraction number.  For a voltage ratio equal to two, the inverter operates in five levels (4/3 Vdc, 
2/3 Vdc, 0, -2/3 Vdc, -4/3 Vdc). The output phase voltage (𝑉𝑎𝑛, 𝑉𝑏𝑛, 𝑉𝑐𝑛) of the inverter, in 
reference to the point ‘n’ of the main voltage resource, can be described as a function of battery 
voltage (𝑉𝑏𝑎𝑡), supercapacitor voltages (𝑉𝑆𝐶𝐴, 𝑉𝑆𝐶𝐵, 𝑉𝑆𝐶𝐶), and switch combinations 
(𝑆1, 𝑆2, 𝑆3, 𝐴1, 𝐴2, 𝐵1, 𝐵2, 𝐶1, 𝐶2) as summarised by the following: 
 Van = Vbat(2. S1 − 1) + VSCA(A2 − A1) 
6-34 
 Vbn = Vbat(2. S2 − 1) + VSCB(B2 − B1) 6-35 
 Vcn = Vbat(2. S3 − 1) + VSCC(C2 − C1) 
6-36 
Converting those three-phase voltages in the time domain by Clark alpha-beta transformation 
into stationary space vectors two-phase plane (𝑉𝑎𝑙𝑝ℎ𝑎, 𝑉𝑏𝑒𝑡𝑎) as formulatd by  
 Valpha =
2
3
(𝑉𝑎𝑛 −
1
2
𝑉𝑏𝑛 −
1
2
𝑉𝑐𝑛) 
6-37 
 
Vbeta =
√3
3
(𝑉𝑏𝑛 − 𝑉𝑐𝑛) 
6-38 
,t becomes possible to generate 512 voltage vectors; this is because with nine top and bottom 
switches there are 29 combinations. 
Since there is no need to add an inductor to boost voltage in a modified H-bridge converter, all 
the disadvantages listed for the traditional topology are ignored [341]–[345].  The modified H-
bridge converter is working in optimum solution compared with a traditional topology where 
immediate energy transfer is possible. Furthermore, harmonic distortions and EMI can be 
significantly reduced [346]. The modified H-bridge converter was chosen because it has many 
advantages. It has a low number of components, modularized circuit layout and packaging, and 
a variety of switching states that control the battery and supercapacitors. It also provides 
separation between DC resources, which allows the battery and supercapacitors to be easily 
accommodated.  
This inverter is suitable for EV application as it has two kinds of resources based on criteria 
such as:  
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 using fewer components to reduce the cost and weight of the EV. 
 engaging the resources of EV in  converter topology.  
 easier and more flexible in control than other existing topologies for the same purpose.  
 provides a variety of switching states to emerge a variety of discharging active and 
reactive power from the resources. 
 converts the waveforms of two types of resources with different dynamic effect – DC 
and AC directly, without the intermediary device.  
 emerges between symmetrical waveforms of the battery with three separate 
supercapacitors to deal with balanced and unbalanced systems, whereas the battery 
connected to the three phase bridge inverter and each supercapacitor is connected to the 
H-bridge converter. 
 the possibility to operate the inverter as a synchroniser to synchronise the EV with the 
microgrid. 
The net power to run the motor at different speeds along the journey results from the 
collaboration between the power of the battery and the supercapacitors. The regenerative 
braking power from the motor is saved in the supercapacitors [334], [347]. Moreover, the 
converter is suitable to connect the EV to the microgrid for charging the resources or 
discharging the required power from the resources in an emergency situation [348]. The 
converter has a low distortion effect on the microgrid due to the absence of the inductor. 
Therefore, this topology of the converter could build high waveform quality in addition to using 
the supercapacitor to enhance the power factor of the microgrid [331]. Such a system is very 
complicated to switch. The best way to analyse this complexity is by using a multi-level space 
vector modulation of the multilevel inverter.  
 
Table 6-3: Standard three-leg inverter generation pattern 
Space 
vector 
Switching 
state (Sx_u) 
On-state 
switch 
Vector 
definition  
Alpha 
definition  
Beta 
Definition 
Vector 
𝑽𝟎
→  [000] 𝑆4, 𝑆6, 𝑆2 𝑉1 = 0 0 0 0 
𝑽𝟏
→  [100] 𝑆1, 𝑆6, 𝑆2 𝑉1 =
2
3
𝑉𝑑𝑐𝑒
𝑗0 
2
3
𝑉𝑑𝑐 0 𝑉0° 
𝑽𝟐
→  [110] 𝑆1, 𝑆3, 𝑆2 𝑉2 =
2
3
𝑉𝑑𝑐𝑒
𝑗
𝜋
3  
1
3
𝑉𝑑𝑐 
1
√3
𝑉𝑑𝑐 𝑉60° 
𝑽𝟑
→  [010] 𝑆4, 𝑆3, 𝑆2 𝑉3 =
2
3
𝑉𝑑𝑐𝑒
𝑗
2𝜋
3  −
1
3
𝑉𝑑𝑐 
1
√3
𝑉𝑑𝑐 𝑉120° 
𝑽𝟒
→  [011] 𝑆4, 𝑆3, 𝑆5 𝑉4 =
2
3
𝑉𝑑𝑐𝑒
𝑗
3𝜋
3  −
2
3
𝑉𝑑𝑐 0 𝑉180° 
𝑽𝟓
→  [001] 𝑆4, 𝑆6, 𝑆5 𝑉5 =
2
3
𝑉𝑑𝑐𝑒
𝑗
4𝜋
3  −
1
3
𝑉𝑑𝑐 −
1
√3
𝑉𝑑𝑐 𝑉240° 
𝑽𝟔
→  [101] 𝑆1, 𝑆6, 𝑆5 𝑉6 =
2
3
𝑉𝑑𝑐𝑒
𝑗
5𝜋
3  
1
3
𝑉𝑑𝑐 −
1
√3
𝑉𝑑𝑐 𝑉300° 
𝑽𝟕
→  [111] 𝑆1, 𝑆3, 𝑆5 𝑉7 =
2
3
𝑉𝑑𝑐𝑒
𝑗0 0 0 0 
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Table 6-4: H-bridge generation pattern 
Space vector Switching state (Ax_u) On-state switch Vector definition Vector 
𝑽𝟎
→  [00] 
𝑆𝐴3
𝐵3
𝐶3
, 𝑆𝐴4
𝐵4
𝐶4
 
𝑉0 = 0 
𝑉0° , 𝑉180°
𝑉60° , 𝑉240°
𝑉120° , 𝑉300°
 
𝑽𝟏
→  [01] 
𝑆𝐴3
𝐵3
𝐶3
, 𝑆𝐴2
𝐵2
𝐶2
 
𝑉1 = 𝑉𝑑𝑐 
𝑉0° , 𝑉180°
𝑉60° , 𝑉240°
𝑉120° , 𝑉300°
 
𝑽𝟐
→  [10] 
𝑆𝐴1
𝐵1
𝐶1
, 𝑆𝐴4
𝐵4
𝐶4
 
𝑉2 = −𝑉𝑑𝑐 
𝑉0° , 𝑉180°
𝑉60° , 𝑉240°
𝑉120° , 𝑉300°
 
𝑽𝟑
→  [11] 
𝑆𝐴1
𝐵1
𝐶1
, 𝑆𝐴2
𝐵2
𝐶2
 
𝑉3 = 0 
𝑉0° , 𝑉180°
𝑉60° , 𝑉240°
𝑉120° , 𝑉300°
 
 
6.7 Adoption of Hierarchical Management Concept for Power and Energy 
Management 
The following sections details the operation of each shell in hierarchical management concept 
to power and energy management of the EVO. The following sections describe the operation 
of each shell in hierarchical management concept to power and energy management of the 
EVO within EMS, PMS, and PES respectively.  
 
6.7.1 Energy management shell (EMS) 
The EMS is intended to satisfy the power balance of the battery and supercapacitors. The 
operation of the EMS is responsible for a long-term decision due to the slower dynamic 
parameters, such as the power and SoC of the battery and supercapacitors in addition to the 
process step of control operation. Decisions are taken by the EMS based on the parameters 
with a time constant that is expressed in seconds. These parameters are the frequency, voltage 
and current of the microgrid, and the state of charge and power limit of the battery and 
supercapacitors.  
An important control issue related to the resources voltage of the converter is switching the 
reference signal. The reference signal must be provided from a positive sequence component 
to reduce the harmonic effect on the switching controller. However, the distribution network is 
likely to work in an unbalanced condition. Therefore, the network measurement signal contains 
positive, negative, and zero sequence components at the fundamental frequency. The first part 
of the controller focuses on measuring the positive signal using a positive sequence voltage 
detector.  
The operation of the inverter must be identified according to the power direction either 
charging or discharging. The battery and supercapacitors are connected in series. Therefore, 
one kind of the resources could be charged at the same time by either the battery or the 
supercapacitors. Charging the battery switches the H-bridge off whereas charging the 
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supercapacitors switches the three-phase bridge inverter off. The smart charger is responsible 
for identifying the priority of working mode of the inverter whereas the EVA is responsible for 
applying the operation of working mode of the inverter. The priority of charging is considered 
to be charging the supercapacitors to full state of charge and the battery to the desired state of 
charge respectively.  
The EVA collaborates with the smart charger to determine the priority of operation and the 
required time to reach the desired state of charge for both resources at the rated power of the 
inverter. The smart charger, which knows the tariff of the microgrid from the microgrid market, 
collects the information about the period of connection and how much power is needed to reach 
the desired state of charge from the EVA. It also selects the cheapest tariff time to charge the 
supercapacitors and the battery. The smart charger sends an order to the EVA to activate the 
charging mode and the amount of power that it should use.  The EVA sets the references to the 
control agent of the inverter to start the stages of the controller. The strategy of the controller 
can be classified according to their dependency on the frequency deviation and voltage 
deviation into either charging or discharging power.  
Several casual control methods of the positive sequence voltage detector, droop controller, and 
vector controller are applied which are investigated extensively below: 
 
6.7.1.1 Positive sequence voltage detector 
Normally the distribution system works in the unbalanced condition. The unbalance waveform 
contains three parts which are positive, negative and zero sequences at the fundamental 
frequency in addition to the harmonics from any sequence components at a different frequency. 
One of the most important aspects of a power electronic controller is measuring the 
fundamental positive sequence voltage component. Quicker and more accurate responses 
detect the phase and amplitude of the positive sequence component; the fastest response that 
can be achieved by the converter controller. However, the dynamic response of the PLL of the 
voltage unbalanced signal becomes slower than the voltage balanced signal [349].  That is 
determined by using the positive sequence voltage detector in control steps, which increases 
control accuracy. However, it slows the operation of the system.   
The primary voltage detector works based on instantaneous power calculation to filter the 
fundamental positive sequence from the unbalanced input waveform; the power is calculated 
from transferring the input Vabcvoltage waveform to the Vαβ0 and iαβ0 current waveform using 
a phase lock loop.  
The three phase voltage is detecting from the grid bus bar. Then, the detecting signal transfers 
to the alpha beta axes voltage waveform using Clarke’s transformation. It is used together with 
iα̅ and iβ̅ that are produced by PLL to calculate p and q. The iα̅ and iβ̅ that are produced by 
PLL derive only from the positive current sequence at the fundamental frequency. The general 
equation of alpha-beta-zero current waveforms of accurate fundamental frequency (ω1) is 
revealed by 
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 iα = √3I+1 sin(ω1t + δ+1) 
6-39 
 iβ = −√3I+1 cos(ω1t + δ+1) 
6-40 
For simplicity, just the accurate fundamental frequency (ω1) should be calculated by PLL from 
the equations above because the magnitude and angle of iα and iβ are not important and can be 
chosen arbitrarily. Therefore, the alpha-beta-zero current waveforms can be reconstructed as 
 iα̅ = sin(ω1t) 
6-41 
 iβ̅ = cos(ω1t) 
6-42 
The power is calculated based on dual p-q theory with the following form. 
 [
p
q] = [
iα iβ
−iβ iα
] [
vα
vβ
] 6-43 
The average power is obtained from the power signal using a second-order low-pass filter with 
a cut-off frequency of 50 Hz. 
The instantaneous voltages Vα̅̅ ̅ and Vβ̅̅ ̅ are calculated by 
 [
vα̅̅ ̅
vβ̅̅ ̅
] =
1
iα2̅ + iβ
2̅
[
iα̅ −iβ̅
iβ̅ iα̅
] [
p̅
q̅] 
6-44 
In the steady state iα2̅ + iβ
2̅ = sin2(ω1t) + cos
2(ω1t) = 1 
The inverse Clark’s transformation is applied to calculate Va̅̅̅,  Vb̅̅ ̅̅ , and Vc̅ as follows: 
 [
Va̅̅̅
Vb̅̅ ̅
Vc̅
] = √
2
3
[
 
 
 
 
1 0
−
1
2
√3
2
−
1
2
−
√3
2 ]
 
 
 
 
[
Vα̅̅ ̅
Vβ̅̅ ̅
] 6-45 
 
The most important part of the detector circuit is the PLL circuit, which is supposed to track 
the fundamental frequency waveform continuously under distorted and unbalanced voltage 
waveforms. An effective synchronising circuit to detect the system frequency and phase angle 
of the positive component is described in [350, Sec. 4.2.2], whereas the block diagram is shown 
in Figure 6-15. Figure 6-14 shows the control block diagram to detect the fundamental voltage 
positive sequence waveform.  
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Figure 6-14: Block diagram to detect the fundamental voltage positive sequence. 
 
Figure 6-15: Block diagram of the PLL circuit [350, p. 142] 
 
6.7.1.2 Droop controller 
The frequency and voltage that are produced by the inverter must be in equilibrium with the 
microgrid in the discharging mode. The unbalance between them causes a frequency deviation 
and voltage deviation of the system from a set point value. The purpose of the droop controller 
is to make sure that the value of the frequency and the voltage of the system keep around the 
set point values by adjusting the active and reactive power of the inverter.   
 
Figure 6-16: (a) Represents power flow through a line. (b) Represents the phasors diagram 
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Power transfer between two nodes in the distribution line are represented in Figure 6-16. The 
power transfer between two nodes in the steady state based on the short line model and complex 
phasors of the distribution network is derived in the following [283, Sec. 2.6], [351, Sec. 6.3].  
 Sr = Pr + jQr = VrI
∗ = Vr (
Vs∠δ − Vr
Z
)
∗
 
6-46 
 Pr + jQr = Vr (
Vse
−jδ − Vr
Ze−jθ
) 6-47 
where δ refers to the load angle and θ refers to the power factor angle at point A. The active 
and reactive power flowing in the line is expressed by 
 Pr + jQr =
VsVr
Z
ej(θ−δ) −
Vr
2
Z
ejθ 
6-48 
 Pr =
VsVr
Z
cos (θ − δ) −
Vr
2
Z
cos (θ) 
6-49 
 Qr =
VsVr
Z
sin (θ − δ) −
Vr
2
Z
sin (θ) 
6-50 
where R = Zcosθ and X = Zsinθ 
 Pr =
Vr
R2 + X2
(RVscosδ + XVssinδ − RVr) 
6-51 
 Qr =
Vr
R2 + X2
(XVscosδ − RVssinδ − XVr) 
6-52 
Hence ∆𝑉𝑑 = 𝑉𝑠𝑐𝑜𝑠𝛿 − 𝑉𝑟 =
𝑅𝑃𝑟 + 𝑋𝑄𝑟
𝑉𝑟
 6-53 
 ∆𝑉𝑞 = 𝑉𝑟𝑠𝑖𝑛𝛿 =
𝑋𝑃𝑟 − 𝑅𝑄𝑟
𝑉𝑟
 6-54 
 ∆𝑉 = √∆𝑉𝑑
2 + ∆𝑉𝑞
2
 
6-55 
 ∆𝑉 = √
(𝑅2 + 𝑋2)(𝑃𝑟2 + 𝑄𝑟2)
𝑉𝑟2
 
6-56 
In contrast to the transmission line, the distribution network is more likely to be of a resistive 
than reactive nature. Therefore, in the distribution network, both R and X should be considered 
in distribution line parameters.  
The active and reactive powers are modified by using an orthogonal linear, rotational 
transformation matrix T form, as shown by [269]. 
 [
P̅
Q̅
] = T [
P
Q
] = [
cosφ −sinφ
sinφ cosφ
] [
P
Q
] = [
X
Z
−
R
Z
R
Z
X
Z
] [
P
Q
] 6-57 
where  φ = π 2⁄ − θ = tan
−1 (
R
X
) 
 
From 6-51, 6-52 and 6-57, it is possible to conclude the following: 
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 sinδ =
ZPr̅
VsVr
 
6-58 
 Vscosδ − Vr =
ZQr̅̅ ̅
Vr
 
6-59 
At a small power angle and small voltage difference, equations 6-58 and 6-59 show that the 
power angle and voltage difference depend mainly on the active power P̅ and the reactive 
power Q̅ respectively. Control of frequency dynamically depends on the power angle control. 
Thus, the frequency and voltage of the inverter could be controlled by adjusting the active 
power P and reactive power Q respectively.  
The optimal frequency and voltage droop regulation become as in the following equations:  
 f − f0 = −m(P̅ − P0̅) = −m
X
Z
(P − P0) + m
R
Z
(Q − Q0) 
6-60 
 V − V0 = −q(Q̅ − Q0̅̅̅̅ ) = −q
R
Z
(P − P0) − q
X
Z
(Q − Q0) 
6-61 
                 
Figure 6-17: Frequency and voltage droop characteristics 
The active and reactive current drawing from the inverter can be calculated by 
 Ia =
Pr
Vr
=
(RVscosδ + XVssinδ − RVr)
R2 + X2
 
6-62 
 Ia =
Ps
V𝑠
=
(RV𝑠 − RVrcosδ + XVrsinδ)
R2 + X2
 
6-63 
 Ir =
Qr
Vr
=
(XVscosδ − RVssinδ − XVr)
R2 + X2
 
6-64 
 Ir =
Qs
Vs
=
(XVs − XVrcosδ − RVrsinδ)
R2 + X2
 
6-65 
 𝐼 = √𝐼𝑎2 + 𝐼𝑟2 
6-66 
Following the active and reactive power, the active and reactive current is modified as 
follows. 
 [
Ia̅
Ir̅
] = T [
Ia
Ir
] 6-67 
Pmax
F*
F
P
ΔF
F=F*-mP
Frequency droop controller
Qmax
E*
E
Q
ΔE
E=E*-nQ
Voltage droop controller
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Thus Ia̅ =
Pr̅
Vr
=
Vssinδ
Z
 
6-68 
 Ir̅ =
Qr̅̅ ̅
Vr
=
Vscosδ − Vr
Z
 
6-69 
The equations to obtain the nominal power are discussed in the next section. 
 
6.7.1.2.1 Reference of droop controller 
Various kinds of EVs from different brands will be connected to the microgrid at different 
times with different resources capacity and state of charge. Consequently, it is not wise to apply 
the same discharging reference to all of them. Therefore, the reference of power controller has 
been chosen based on the integration of the EV with the distribution line and the rate of the 
energy storage device. The virtual natural load is given by equation 6-70. 
 P0̅ = P0√1 + Kd 
6-70 
The parameter Kd is useful to measure the required reactive power rating of the compensating 
equipment. Shunt capacitive compensation increases the virtual natural load of the line. The 
generalised circuit constants of the distribution line with EV compensation can be calculated 
by: 
 A0 = cosh(jθ̅) − j sinh(jθ̅). Kdθ̅ 
6-71 
 B0 = sinh(jθ̅). Z0R 
6-72 
 C0 = sinh(jθ̅) . (
1
Z0R
) − j cosh(jθ̅) .
Kdθ
Z0
 6-73 
 D0 = cosh(jθ̅) 
6-74 
The sending end voltage at the EV socket is: 
 𝑣𝑠 = 𝐴0𝑣𝑟 + 𝐵0𝑖𝑟 
6-75 
 ir =
vs∠δ − A0vr
B0
 6-76 
 ir
∗ =
vs(b1 + jb2)(cosδ − jsinδ) − vr(b1 + jb2)(a1 − ja2)
b1
2 + b2
2  
6-77 
 
ir
∗vr =
vsvr(b1cosδ + b2sinδ) − vr
2(a1b1 + a2b2)
b1
2 + b2
2
+ j
vsvr(b2cosδ − b1sinδ) − vr
2(a1b2 − a2b1)
b1
2 + b2
2  
6-78 
 Sr = Pr + jQr = vr × ir
∗ 
6-79 
 Pr =
vsvr(b1cosδ + b2sinδ) − vr
2(a1b1 + a2b2)
b1
2 + b2
2  
6-80 
 Qr =
vsvr(b2cosδ − b1sinδ) − vr
2(a1b2 − a2b1)
b1
2 + b2
2  
6-81 
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where 𝐴0 = a1 + ja2 and 𝐵0 = b1 + jb2 are the generalised line constants for the compensated 
distribution line.  
The maximum power transfer criterion is determined by considering the singularity of the 
Jacobian matrix. For stable operation, the singularity of the Jacobian matrix can be rearranged 
as follows: 
 [
Pr
Qr
] =
[
 
 
 
∂Pr
∂δ
∂Pr
∂vr
∂Qr
∂δ
∂Qr
∂vr ]
 
 
 
× [
δ
vr
] 6-82 
 
∂Pr
∂δ
∂Qr
∂vr
−
∂Pr
∂vr
∂Qr
∂δ
= 0 6-83 
 
∂Pr
∂δ
=
vsvr(b2cosδ − b1sinδ)
b1
2 + b2
2  
6-84 
 
∂Qr
∂vr
=
vs(b2cosδ − b1sinδ) − 2vr(a1b2 − a2b1)
b1
2 + b2
2  
6-85 
 
∂Pr
∂vr
=
vs(b1cosδ + b2sinδ) − 2vr(a1b1 + a2b2)
b1
2 + b2
2  
6-86 
 
∂Qr
∂δ
=
vsvr(−b1cosδ − b2sinδ)
b1
2 + b2
2  
6-87 
 vrc =
vs
2(a1cosδ + a2sinδ)
 6-88 
 Pr =
2vs
2(a1cosδ + a2sinδ)(b1cosδ + b2sinδ) − vs
2(a1b1 + a2b2)
4(a1cosδ + a2sinδ)2(b1
2 + b2
2)
 
6-89 
 Qr =
2vs
2(a1cosδ + a2sinδ)(b2cosδ − b1sinδ) − vs
2(a1b2 − a2b1)
4(a1cosδ + a2sinδ)2(b1
2 + b2
2)
 
6-90 
Determination of critical angular separation δ, which is very difficult to measure, to make 
the reference signal, depends mainly on the characteristic equation of the distribution line 
of the CSO and the power factor of the microgrid. the relationship between the active and 
reactive power with power factor angle can be written as: 
 Prtanθ = Qr 
6-91 
based on equation 6-91, it is possible to derive the following equations. 
 
Pr
Qr
=
(a1b1 − a2b2) + (a1b2 + a2b1) tan(2δ)
(a1b1 − a2b2) tan(2δ) − (a1b2 + a2b1)
 
6-92 
 δ =
1
2
tan−1(
a1(b1tanθ + b2) + a2(b1 − b2tanθ)
a1(b1 − b2tanθ) − a2(b1tanθ + b2)
) 6-93 
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Figure 6-18: Schematic diagram of droop controller 
 
The voltage and frequency restoration from 209.2 V and 49.864 Hz to nominal value 220V and 
50 Hz are shown in Figure 6-19 and Figure 6-20 respectively. The duration time of responding 
the droop controller to restore the voltage from the beginning of disturbance at 0.495 to the 
nominal voltage at 0.525 took 0.03 seconds whereas the duration time to restore the frequency 
from the beginning of disturbance at 0.495 to the nominal frequency at 0.528 took 0.033 
seconds. 
 
Figure 6-19: Voltage restoration 
 
Figure 6-20: Frequency restoration 
 
6.7.1.3 Vector controller  
The droop controller restores the frequency and voltage of the system to the set point value. 
The direct and quadrature voltage stationary frame can be found from the voltage and 
frequency restoration after the droop controller as well as the rotation angle of the grid. The 
vector controller is part of the EMS to feed a reference signal of the PMS and configures the 
synchronisation operation of EV within the microgrid to equalise the line 
voltage, frequency, phase sequence, and phase angle. On the other hand, the EMS is responsible 
for interacting the EVO with the CSO at the centralised operation of the EV or interact the 
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smart charger and EVA with the connected bus bar of the microgrid to measure the voltage and 
frequency at the decentralised operation of the EV.   
 θ = ∫ω(t)dt + θint 
6-94 
The three-phase voltage is found using the following equations: 
 Va
∗ = Esin(wt) 6-95 
 Vb
∗ = Esin(ωt − 2π 3⁄ ) 
6-96 
 Vc
∗ = Esin(ωt + 2π 3⁄ ) 
6-97 
The instantaneous stationary reference of the three-phase voltage is calculated and transformed 
to the time invariant d − q − 0 synchronous rotating reference frame with the angular velocity 
ω by using Park’s transformation, as follows: 
 [
Vd
Vq
V0
] = [
cos (ωt) sin (ωt) 0
−sin (ωt) cos (ωt) 0
0 0 1
] [
Va
Vb
Vc
] 6-98 
The vector controller is the primary controller of the EMS shell which is divided into three 
parts: power, voltage, and current controller. The main objective of the power controller is 
controlling the active and reactive currents that are drawn from the EV independently at the 
connected terminal. Thus, the active and reactive power injected from the EV to the microgrid 
are used to enhance the angle stability or voltage stability of the system.  It is possible to depend 
on the d-q rotating frame to control the active current (𝑖𝑑) and reactive current (𝑖𝑞) injection 
from the EV independently. The function of the active and reactive current controllers is 
finding the change in injection of 𝑖𝑑 and 𝑖𝑞 in the d-q rotating frame. The objective of the 
frequency and voltage controllers is changing the active and reactive power of the resources of 
the EV based on the frequency deviation and voltage deviation respectively, as represented in 
equations 6-99 and 6-100. The change of the active power and the reactive power that are 
drawn from the resources of the EV follow from the d-q component of the 𝑉𝑚, ∆𝐼𝑑, and ∆𝐼𝑞as 
represented in equations 6-101 to 6-104. This controller is implemented within the vector 
controller, as shown in Figure 6-21.  
The voltage controller compares the voltage references d-axis and q-axis from the droop 
controller block (secondary controller) with microgrid voltage d-axis and q-axis respectively. 
Then, the comparison value is entered to the PI controller which is used to achieve a zero 
steady-state error and stabilise the output voltage. The corresponding state equations of the 
voltage block controller are given in equations 6-105 and 6-106.  
The current controller compares the voltage block controller using the PI controller to achieve 
the output current. The corresponding state equations of the current block controller are given 
in equations 6-107 and 6-108. The response of the primary controller is fast because it uses 
local measurement only without needing any communication medium. The block diagram of 
the primary controller is shown in the following: 
 ∆𝑃 = 𝑚∆𝑓 6-99 
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 ∆𝑄 = 𝑛∆𝑉 6-100 
 ∆𝑃 = √
3
2
𝑉𝑚∆𝐼𝑑 
6-101 
 
∆𝐼𝑑 =
𝑚
√
3
2
𝑉𝑚
∆𝑓 6-102 
 ∆𝑄 = √
3
2
𝑉𝑚∆𝐼𝑞 
6-103 
 
∆𝐼𝑞 =
𝑛
√
3
2
𝑉𝑚
∆𝑉 6-104 
 
𝐼𝑑,𝑟𝑒𝑓 = ∆𝐼𝑑 − 𝜔𝑛𝐶𝑓𝑉𝑞 + 𝐾𝑝𝑣(𝑉𝑑,𝑟𝑒𝑓 − 𝑉𝑑)
+ ∫𝐾𝑖𝑣(𝑉𝑑,𝑟𝑒𝑓 − 𝑉𝑑) 𝑑𝑡 
6-105 
 
𝐼𝑞,𝑟𝑒𝑓 = ∆𝐼𝑞 + 𝜔𝑛𝐶𝑓𝑉𝑑 + 𝐾𝑝𝑣(𝑉𝑞,𝑟𝑒𝑓 − 𝑉𝑞)
+ ∫𝐾𝑖𝑣(𝑉𝑞,𝑟𝑒𝑓 − 𝑉𝑞)𝑑𝑡 
6-106 
 
𝑉𝐼𝑑,𝑟𝑒𝑓 = −𝜔𝑛𝐿𝑓𝐼𝑞 + 𝐾𝑝𝑐(𝐼𝑑,𝑟𝑒𝑓 − 𝐼𝑑)
+ ∫𝐾𝑖𝑐(𝐼𝑑,𝑟𝑒𝑓 − 𝐼𝑑) 𝑑𝑡 
6-107 
 
𝑉𝐼𝑞,𝑟𝑒𝑓 = 𝜔𝑛𝐿𝑓𝐼𝑑 + 𝐾𝑝𝑐(𝐼𝑞,𝑟𝑒𝑓 − 𝐼𝑞)
+ ∫𝐾𝑖𝑐(𝐼𝑞,𝑟𝑒𝑓 − 𝐼𝑞)𝑑𝑡 
6-108 
 
 
Figure 6-21: Vector controller 
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6.7.2 Power management shell (PMS) 
The objective function of the PMS is to make a decision on either charging or discharging the 
resources of the EV. The discharging decision is activated in case the mode input by the owner 
accepts discharging the resources of the EV to a prior definition of the state of charge. The 
decision made depends on the comparison between the state of the four variables: the frequency 
of the microgrid, the voltage of the microgrid, the state of charge of the battery, and the state 
of charge of the supercapacitor. It is assumed that all supercapacitors have a balanced condition 
and therefore, all of them have the same voltage and state of charge.  
The primary goal of PMS is considered in two points. The first point is full charging of the 
resources of EV but preventing overcharging in a healthy microgrid situation. The second point 
is discharging the resources of the EV in an emergency situation of the microgrid without 
exceeding the under-charging limit. The undercharging limit is an acceptable limit of the state 
of charge of resources to make them capable of delivering power for the next journey of the 
EV. The benefit to the owner of the vehicle is the discharging power tariff, which is normally 
higher than the charging power tariff. Heuristic system approaches representation is a candidate 
for PMS strategy implementation.  
A fuzzy inference solution is utilised as a solution to make a logical decision to charge or 
discharge resources. Measured variables are mapped into fuzzy sets through a fuzzification 
process. Then, a fuzzy inference engine evaluates the fuzzy sets according to prior defined 
control rules in the fuzzy logic rule base. Finally, an output set is produced based upon the rule 
base evaluation. The output of the fuzzy controller represents the power control reference of 
the battery and the supercapacitors.   
The heuristic reasoning is written in a logical way, such as: 
Heuristic Reasoning-1 
If the frequency of the microgrid is higher than 0.9998𝐹𝑛 and the voltage of the microgrid is 
higher than 0.97𝑉𝑛 and the supercapacitor is fully charged, whereas the battery is not fully 
charged, then the PMS will activate the charging vector’s trajectory in PES towards the stored 
microgrid energy inside the battery, thus the state of charge of the battery increases until 
reaching 100%. 
Heuristic Reasoning-2  
If the frequency of the microgrid is less than 0.9998𝐹𝑛 and the voltage of the microgrid is 
higher than 0.97𝑉𝑛 and the state of charge of the supercapacitor range is between 40-70%, 
whereas the state of charge of battery range is between 90-100%, then the PMS will activate 
the discharging vector’s trajectory in PES towards discharging 90% of reference power from 
the battery and 10% of reference power from the supercapacitors, thus the EV helps the 
microgrid to stabilize the frequency within standard limits.  
The FIS is represented as four inputs, and two outputs in the generic form of conjunctive rules 
as follows: 
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6-10
9 
The fuzzy rule antecedents are the frequency of the microgrid, the voltage of the microgrid, the 
state of charge of the battery, and the state of charge of the supercapacitors, whereas the fuzzy 
rule consequently is the battery reference trajectory and the supercapacitor reference trajectory. 
The identification of a rule statement to construct the fuzzy rule base is as follows: 
 
6-11
0 
For the four antecedent fuzzy rule, the firing strength for the ith rule is given by [326] 
 𝛽𝑖 =∏ 𝐴𝑖𝑗
𝑗𝑚𝑎𝑥
𝑗=1
(𝑥𝑗) 
6-111 
where 𝑗𝑚𝑎𝑥 corresponds to the maximum number of sensors which are four. The firing strength 
combines all the fuzzy sets 𝐴𝑖𝑗 which are associated with the 𝑖 rule. The fuzzy logic output 
variable (defuzzication includes all 𝑖 rules) is evaluated by the following: 
 y∗ =
∑ (∏ 𝐴𝑖𝑗(𝑥𝑗)
𝑗𝑚𝑎𝑥
𝑗=1 )𝑖
𝑖𝑚𝑎𝑥
𝑖=1 . y𝑖
∑ (∏ 𝐴𝑖𝑗(𝑥𝑗)
𝑗𝑚𝑎𝑥
𝑗=1 )𝑖
𝑖𝑚𝑎𝑥
𝑖=1
 6-112 
The graphical illustration of the fuzzy inference system and the range of input values are shown 
in Figure 6-22. The output regulation parameters, which are the vector trajectory corresponding 
to the battery and the supercapacitors, feed to the PES to control the switching function. The 
FIS decision surfaces that are composed of 77 rules are shown in Figure 6-23 to Figure 6-28 
which explain the rules of fuzzy logic, whereas at the discharging mode, the battery and 
supercapacitors respond when the 𝑆𝑜𝐶𝑏 ≥ 70% and 𝑆𝑜𝐶𝑠𝑐 ≥ 40% respectively. Meanwhile, 
the battery is more responsible for frequency variation, whereas the supercapacitors are more 
responsible for the voltage variation. However, the battery and supercapacitors exchange roles 
when one of them fades. The input and output membership functions of the fuzzy system are 
shown in Figure 6-29 to Figure 6-34. 
The base of a fuzzy rule is linked between the frequency deviation of the battery power 
discharge and the voltage variation with the supercapacitors’ power discharge. Therefore, at 
frequency deviation and if the state of charge of the battery is stronger than the state of charge 
of the supercapacitor, the battery provides higher power than the supercapacitor. At the low 
state of charge of the battery, the power provided from the battery and the supercapacitors is a 
rapprochement.  
Any resources which reach the limit of the state of charge-discharge then produce zero power. 
At voltage deviation, the priority of discharging the supercapacitors is higher than discharging 
the battery unless the state of charge of the battery is higher than the state of charge of the 
supercapacitors. Any resources which reach the limit of the state of charge-discharge produce 
IF 𝑥1 is 𝐴𝑖1AND 𝑥2 is 𝐴𝑖2 AND 𝑥3 is 𝐴𝑖3 AND 𝑥4 is 𝐴𝑖4 𝑇𝐻𝐸𝑁 𝑦1 = Ψ𝑖(𝑥1, 𝑥2, 𝑥3, 𝑥4) AND 𝑦2 = 1 − 𝑦1 
 
Fuzzy Rule Antecedent Fuzzy Rule Consequent 
𝐹𝐼𝑆 → 𝑰𝑭𝐹𝑚 = 𝐹𝐶 𝑨𝑵𝑫 𝑉𝑚 = 𝑉𝐷 𝑨𝑵𝑫 𝑆𝑜𝐶𝑏 = 𝐵9.1 𝑨𝑵𝑫 𝑆𝑜𝐶𝑠𝑐 = 𝑆4.7 𝑇𝐻𝐸𝑁 𝑃𝑏 = 0.9𝑃𝑚 𝐴𝑁𝐷 𝑃𝑠𝑐 = 0.1𝑃𝑚 
 
Fuzzy Rule Antecedent Fuzzy Rule Consequent 
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zero power. The frequency deviation response has a higher priority than the voltage deviation 
response, due to the sensitivity of the microgrid to frequency deviation. Therefore, the 
discharging focuses on restoring the frequency first at frequency (angle) stability issue. 
 
 
Figure 6-22: PMS fuzzy inference system block diagram 
 
 
Figure 6-23: Fuzzy rule of battery reference at 
Vm = 227V and SoCsc = 50% 
 
Figure 6-24: Fuzzy rule of battery reference at 
Vm = 205V and SoCsc = 50% 
Fuzzification 
Rule base 
Defuzzifier Inference 
engine 
 
𝑁𝑟𝑢𝑙𝑒𝑠
= 77 
Output 
𝑃𝑠𝑐,𝑟𝑒𝑓
= 1 − 𝑃𝑏,𝑟𝑒𝑓  
 
𝑃𝑏,𝑟𝑒𝑓  
The voltage of microgrid 
𝑉𝑛 = 220 
𝑉𝑂 = 𝑉𝑚 ≥ 1.1𝑉𝑛 
𝑉𝐶 = 0.97𝑉𝑛 ≤ 𝑉𝑚 < 1.1𝑉𝑛 
𝑉𝐷 = 0.9𝑉𝑛 ≤ 𝑉𝑚 < 0.97𝑉𝑛 
𝑉𝑂 = 𝑉𝑚 < 0.9𝑉𝑛 
 
The frequency of microgrid 𝐹𝑛 = 50 
𝐹𝑂 = 𝐹𝑚 ≥ 1.0004𝐹𝑛 
𝐹𝐶 = 0.9998𝐹𝑛 ≤ 𝐹𝑚 < 1.0004𝐹𝑛 
𝐹𝐷 = 0.9996𝐹𝑛 ≤ 𝐹𝑚 < 0.9998𝐹𝑛 
𝐹𝐵 = 𝐹𝑚 < 0.9996𝐹𝑛 
 State of charge of battery 
𝐵𝐹 = 𝑆𝑜𝐶𝑏 ≥ 99% 
𝐵9.1 = 90% ≤ 𝑆𝑜𝐶𝑏 < 99% 
𝐵8.9 = 80% ≤ 𝑆𝑜𝐶𝑏 < 90% 
𝐵7.8 = 70% ≤ 𝑆𝑜𝐶𝑏 < 80% 
𝐵𝐵 = 𝑆𝑜𝐶𝑏 < 70% 
State of charge of supercapacitor 
𝑆𝐹 = 𝑆𝑜𝐶𝑠𝑐 ≥ 99% 
𝑆7.1 = 70% ≤ 𝑆𝑜𝐶𝑠𝑐 < 99% 
𝑆4.7 = 40% ≤ 𝑆𝑜𝐶𝑠𝑐 < 70% 
𝑆𝐵 = 𝑆𝑜𝐶𝑠𝑐 < 40% 
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Figure 6-25: Fuzzy rule of battery reference at 
Vm = 194 and SoCsc = 50% 
 
Figure 6-26: Fuzzy rule of supercapacitor 
reference at Fm = 50Hz and SoCb = 75% 
 
Figure 6-27: Fuzzy rule of supercapacitor 
reference at Fm = 49.85Hz and SoCb = 75% 
 
Figure 6-28: Fuzzy rule of supercapacitor 
reference at Fm = 49.7Hz and SoCb = 75% 
 
Figure 6-29: Fuzzy Sugeno input membership 
functions’ plots of frequency 
 
Figure 6-30: Fuzzy Sugeno input membership 
functions’ plots of voltage 
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Figure 6-31: Fuzzy Sugeno input membership 
functions’ plots of SoCb 
 
Figure 6-32: Fuzzy Sugeno input membership 
functions plots’ of SoCsc 
 
Figure 6-33: Fuzzy Sugeno output weight 
functions’ plots of battery reference 
 
Figure 6-34: Fuzzy Sugeno output weight 
functions’ plots of supercapacitor reference 
 
6.7.3 Power electronic shell (PES) 
The PES handles the switching modulation to operate the switches of the inverter ON and OFF. 
The PMS feeds the PES the reference of battery and supercapacitors, whereas the PES operates 
the three-phase bridge inverter to achieve the battery reference and the three H-bridges to 
achieve supercapacitors, reference. The strategy of the switching modulation is explained in 
the following sections. 
 
6.7.3.1 Space vector PWM algorithm  
PES is the downstream process in the hierarchy strategy of the PMS. The PMS sends two 
reference vectors trajectories in addition to the actual voltage of resources to PES to generate 
the signal commands. The PES performs the SVPWM form of an actual summation power 
from multiple energy resources connected to the multilevel inverter. The SVPWM represents 
the required control of the switching function to transfer DC form to AC form or vice versa.  
The relationship between the fuzzy logic algorithm and the switching modulation strategy is 
explained as the priority of operation, whereas the fuzzy belongs to PMS and the space vector 
algorithm belongs to PES. The PMS priority is higher than the PES. Therefore, the PMS feeds 
the reference signals to the PES. The configured surface diagram of the fuzzy rule consumes 
time, whereas the implementation of the fuzzy algorithm has a very fast response, which is 
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compatible with the execution time of the SVPWM strategy. Therefore, the heuristic fuzzy 
logic algorithm is preferred to any other heuristic method.   
SVPWM has been an active research for many years. It has better performance benefits than 
other switching techniques such as SPWM, random switching, and hysterics switching. It has 
acceptable performance for the two-level inverter; however, it is hardly studied with regard to 
a uniform multi-level converter such as the H-bridge converter. Furthermore, it is much harder 
studied for modified multi-level inverter such as the topology under study. Most of the 
SVPWM of a multi-level inverter deals with specific switching states of operation or a 
particular number of levels because the number of switching increases significantly with 
increasing the number of levels. 
This work deals with M-SVPWM of converters that have an active hybridization of multiple 
electrical energy storage systems with a different level of voltages. The M-SVPWM for the 
multi-level inverter is mainly an extension for the two-level SVPWM.  The algorithm is 
formulated based on numerical analysis; it reduces the complexity of the SVPWM of the 
multilevel converter.  
 
6.7.3.2 State matrix  
The states of the modified H-bridge converter, which contains nine legs, are represented as a 
binary value of nine bits for upper switches. The first three bits b1, b2, b3 represent battery 
states whereas the other six bits b4, b5, b6, b7, b8, and b9 represent the three phase 
supercapacitors’ states as two bits for each phase. The total number of states is 29 = 512; b=1 
when the switch is turned on and b=0 when it is turned off. The lower switches are 
complementary to the upper switches of inverter legs 𝑏𝑙𝑜𝑤𝑒𝑟 = 1 − 𝑏𝑢𝑝𝑝𝑒𝑟. The details of 
switching states are illustrated in Table 6-5. 
The space vector diagram is represented in two phase axes (𝛼 − 𝛽 axis) to avoid working on a 
stationary reference frame. The reference voltage performance is defined as the time integral 
function that draws a hexagonal locus. The hexagonal diagram contains six sectors to allow an 
immediate identification of the nearest three vectors. Each sector is divided into the equilateral 
triangles which are equal to (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑒𝑣𝑒𝑙𝑠 − 1)2. The leg of the triangle represents the 
DC resource voltage. The tip of the reference voltage could be located in any triangle. The 
vertices of the triangle that contains the tip of reference voltage represents the switching 
vectors. The performance waveform of the inverter depends mainly on the selection of these 
switching states. The detail of switching states for the first sextant is shown in Figure 6-35.  
An example provides a good insight for generation reference point A with fewer switching 
states as shown below: 
Point A 
1- 000 00 00 00 100 00 00 00 110 00 00 00 111 00 00 00 
2- 000 01 00 00  000 01 00 10 000 01 10 10 000 00 10 10 
3- 000 00 00 10 000 01 00 10 000 01 00 00 000 01 01 00 
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4- 000 00 00 10 000 01 00 10 000 01 01 10 000 01 01 00 
The other switching is redundant, whereas the state to provide reference B with less switching 
is given below:   
Point B 
1- 100 00 00 10 100 01 00 10 100 01 00 00 100 01 01 00 
The reference voltage is distributed between the battery and the supercapacitors based on the 
state of charge of both the voltage level, and the frequency level of the bus bar. The amplitude 
of the highest voltage vector that could be provided from Clark's transformation is 2/3 of the 
total supply voltage (2 3⁄ × (𝑉𝑏𝑎𝑡 + 2𝑉𝑆𝐶)).  
The switching states of the three-phase bridge and H-bridges must be selected with the 
minimum transition during the sample period to reduce losses, ripples, and harmonics effects. 
High switching losses and big ripples in output voltage occur in the case of a required high 
number of switching states. A higher level chooses the lower states available.  The sum of the 
bits chooses either one bit higher or one bit lower to provide optimum switching states. For 
example, the sum of bits to provide point B is 2, 3, 2 and 3. 
 
Table 6-5: Switching state 
  Battery 
Supercapacitor 
phase-A 
Supercapacitor 
phase-B 
Supercapacitor 
phase-C 
  
202020 
A B C 
2020 
A 
2020 
B 
2020 
C 
1.  Phase A+ 212020 2021   
2.  Phase A- 202121 2120   
3.  Phase B+ 202120  2021  
4.  Phase B- 212021  2120  
5.  Phase C+ 202021   2021 
6.  Phase C- 212120   2120 
 Total number of states = 29 = 512 
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Figure 6-35: Switching state for the first sextant 
 
6.7.3.3 Space vector location 
The identification of the nearest three vectors in a multilevel hexagon map depends on the 
magnitude and angle of the reference voltage. The reference voltage is distributed among the 
DC resources based on the fuzzy rules. Normally, the hexagonal diagram is divided into six 
sectors based on the angle of the reference voltage. Each sector is divided into triangles 
depending on the number of levels (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑒𝑣𝑒𝑙𝑠 − 1)2. The modified H-bridge inverter 
could operate in four levels or more, based on the voltage ratio between the battery and 
supercapacitor (
𝐸𝑏𝑎𝑡
𝐸𝑠𝑐
). Since the ratio difference is proposed twice in this study, the inverter 
works in a five-level mode. First of all, it should find the sector number and region number of 
the reference voltage. 
Clarke’s transformation is used to obtain the voltage magnitude in the (𝛼 − 𝛽 − 0) frame, as 
follows: 
238 Chapter Six: Management of Multiple Resources in Electric Vehicles 
 
 [
𝑉𝛼
𝑉𝛽
𝑉0
] =
2
3
[
 
 
 
 
 1 −
1
2
−
1
2
0
√3
2
−
√3
2
1
2
1
2
1
2 ]
 
 
 
 
 
[
𝑉𝑎
𝑉𝑏
𝑉𝑐
] 6-113 
The vector magnitude and vector angle can be obtained by 
 𝑉𝑚 = √𝑉𝛼2 + 𝑉𝛽
2 6-114 
 𝜃 = tan−1 (
𝑉𝛽
𝑉𝛼
) 6-115 
The sector of operation and the angle within the sector on the 𝛼 axis can be determined by 
 𝑆 = 𝑐𝑒𝑖𝑙 (
𝜃
𝜋
3⁄
) 6-116 
 𝜃𝑠 = 𝑟𝑒𝑚(
𝜃
𝜋
3⁄
) 6-117 
where ceil and rem represent the standard function rounded to the high number and reminder 
respectively. 
Based on the parameters of the voltage magnitude and the angle of a sector, the region number 
is determined based on three parameters 𝑘1, 𝑘2, and 𝑘3, whereas the first, second, and third 
parameters (𝑘1, 𝑘2, and 𝑘3) represent the part of the sector inclined at 60, 120 and zero degrees 
respectively with respect to the 𝛼 axis. Furthermore, the maximum value that could be obtained 
for 𝑘1, 𝑘2, and 𝑘3 is one less than the number of the level (𝑛 − 1). 
The numerical analysis to specify the region number from these three parameters is illustrated 
in the following equations based on the triangle vertices leg length, as shown in Figure 6-36. 
 𝑟𝑒𝑔𝑖𝑜𝑛𝑁𝑢𝑚𝑏𝑒𝑟 =  𝑘2
2 − 𝑘2 − 𝑘1 + 𝑘3 + 1 
6-118 
 𝑘1 = 𝑐𝑒𝑖𝑙(𝑉𝛼/√3𝐸) 
6-119 
 
𝑘2 = 𝑐𝑒𝑖𝑙 (
𝑉𝛼 +
𝑉𝛽
√3
⁄
𝐸
) 
6-120 
 𝑘3 = 𝑐𝑒𝑖𝑙(
2𝑉𝛽
√3𝐸
⁄ ) 6-121 
For example to generate the voltage reference 𝑉𝑚 = 226.716 ∠48.576
° and 𝑉𝑚 =
265.754 ∠41.186°, the 𝑘1, 𝑘2, and 𝑘3magnitude is as shown in Figure 6-37 and  
Table 6-6. 
 
Table 6-6: Example 
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𝑉𝑚 = 226.716∠48.576
° 𝑉𝑚 = 265.754∠41.186
° 
𝑉𝛼 = 150 
𝑉𝛽 = 170 
𝐸 = 100 
𝑘1 = 1 
𝑘2 = 3 
𝑘3 = 2 
The vector located in triangle eight 
𝑉𝛼 = 200 
𝑉𝛽 = 175 
𝐸 = 100 
𝑘1 = 2 
𝑘2 = 4 
𝑘3 = 3 
The vector located in triangle 14 
 
 
 
 
 
 
 
 
Figure 6-36: Triangle coordinate 
 
Figure 6-37: The region number according to 𝑘1, 𝑘2, 𝑘3 
 
The modulation index for the modified H-bridge multilevel inverter configuration can be 
generalised as 
 𝑚𝑎 =
√3𝑉𝑚
(𝑛 − 1)𝐸
 
6-122 
The maximum magnitude of the reference vector 𝑉𝑚,𝑚𝑎𝑥 corresponding to the radius of the 
largest circle enclosed inside hexagon diagram can be obtained as follows 
 
K2=1
K1=1
K3=1
K1=2 K1=3 K1=4
K2=2 K3=2
K3=3
K3=4
K2=3
K2=4
K1=1
K2=3
K3=2
K1=2
K2=4
K3=3
t1 t2
t3
t4
t5
t6
t7
t13
t11
t10
t12
t15
t9
t16
α -axis
β  -axis
𝑘1 
𝑘2 𝑘3 
(
1
2
𝐸, 0) 
(
1
2
𝐸,
√3
2
𝐸) 
𝑉𝛼 
𝑉𝛽 
(0,0) (𝐸, 0) 
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 𝑉𝑟𝑒𝑓,𝑚𝑎𝑥 =
2
3
(𝑛 − 1)𝐸 ×
√3
2
=
(𝑛 − 1)𝐸
√3
 
6-123 
Substituting 6-123 in 6-122 gives the maximum modulation index 
 𝑚𝑎,𝑚𝑎𝑥 = 1 
 
 
6.7.3.4 Distributing sampling time  
After finding the sector number and the triangle number for the reference voltage, three 
stationary vectors could synthesise the reference voltage. The sampling time for the stationary 
vectors represents the duty cycle time of the switching states during the whole sampling time 
(Ts) of the modulation. The dwell time is distributed based on the volt-second integral principle 
between the chosen states of three vertices of the triangle, as shown in following equations  
 𝑉𝑟𝑒𝑓⃗⃗ ⃗⃗ ⃗⃗  ⃗𝑇𝑠 = 𝑉1⃗⃗  ⃗𝑇𝑎 + 𝑉2⃗⃗  ⃗𝑇𝑏 + 𝑉3⃗⃗  ⃗𝑇0 
6-124 
 𝑇𝑠 = 𝑇𝑎 + 𝑇𝑏 + 𝑇0 
6-125 
where 𝑇𝑎, 𝑇𝑏, and 𝑇0 are the dwell times of the vectors 𝑉1⃗⃗  ⃗, 𝑉2⃗⃗  ⃗, and 𝑉0⃗⃗  ⃗ respectively.  
The dwell times are distributed based on the location of 𝑉𝑟𝑒𝑓 as shown below: 
If the 𝑉𝑟𝑒𝑓 lies on 𝜃 = 0
°, then 𝑇𝑏 = 0 
If the 𝑉𝑟𝑒𝑓 lies on 𝜃 = 60
°, then 𝑇𝑎 = 0 
If the 𝑉𝑟𝑒𝑓 lies on 𝜃 = 30
°, then 𝑇𝑎 = 𝑇𝑏 
If the 𝑉𝑟𝑒𝑓 lies on 0
° < 𝜃 < 30°, then 𝑇𝑎 > 𝑇𝑏 
If the 𝑉𝑟𝑒𝑓 lies on 30
° < 𝜃 < 60°, then 𝑇𝑎 < 𝑇𝑏 
The rotation sequence for each triangle of odd sectors is illustrated in Figure 6-35, whereas the 
rotation sequence is reversed for even sectors. 
A generalised equation of the dwell times can be determined using numerical analysis based 
on 𝑘1, 𝑘2, and 𝑘3 parameters, as follows 
 
[
𝑇𝑠cos (𝜃)
𝑇𝑠sin (𝜃)
𝑇𝑠
]
= [
(
2𝑘1 − 1 − 𝑘3
2
)𝐸 (
3𝑘1 − 𝑘2 − 2 + 2𝑘3
2
)𝐸 (
2𝑘2 − 𝑘3
2
)𝐸
(𝑘3 − 1)𝐸 (𝑘2 − 𝑘1)𝐸 𝑘3𝐸
1 1 1
] [
𝑡0
𝑡1
𝑡2
] 
6-126 
Solving equation regarding t0, t1,and t2 gives: 
 [
𝑡0
𝑡1
𝑡2
] =
1
𝑎𝐸2
[
𝑎11𝐸 𝑎12𝐸 𝑎13𝐸
2
𝑎21𝐸 𝑎22𝐸 𝑎23𝐸
2
𝑎31𝐸 𝑎32𝐸 𝐸
2
] [
𝑇𝑠cos (𝜃)
𝑇𝑠sin (𝜃)
𝑇𝑠
] 6-127 
 𝑎 = (2𝑘1 − 2𝑘2 + 2𝑘3 − 1) 
6-128 
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 𝑎11 = (𝑘2 − 𝑘1 − 𝑘3) 
6-129 
 𝑎12 = (
3𝑘2 − 3𝑘1 − 3𝑘3 + 2
2
) 
6-130 
 𝑎13 = (𝑘1𝑘3 + 𝑘3
2 − 𝑘3 + 𝑘1𝑘2 − 𝑘2
2)𝑎11 = (𝑘2 − 𝑘1 − 𝑘3) 
6-131 
 𝑎21 = 1 
6-132 
 𝑎22 = −
1
2
 
6-133 
 𝑎23 = (𝑘3 − 𝑘2) 
6-134 
 𝑎31 = (𝑘1 − 𝑘2 + 𝑘3 − 1) 
6-135 
 𝑎32 = (
3𝑘1 − 3𝑘2 + 3𝑘3 − 1
2
) 
6-136 
 𝑎33 = (𝑘2
2 − 𝑘1𝑘2 − 𝑘2 + 2𝑘1 − 𝑘1𝑘3 + 2𝑘3 − 1 − 𝑘3
2) 6-137 
 
6.7.3.5 Overmodulation 
Normally overmodulation occurs when the modulation index is greater than unity. The 
operation of overmodulation causes minimum number of line to line voltage pulses, which lead 
to increasing the nonlinearity of the inverter and the emergence of low order harmonics, such 
as the 5th and 11th. Furthermore, overmodulation could cause a mismatch between the 
magnitude of the reference voltage and the angle. Therefore, the magnitude of the reference 
voltage could change, whereas the angle could transmit without any change. This mismatch 
gives an unrealistic duration of the zero vectors. All researchers try to avoid working in the 
overmodulation region due to the difficulty in eliminating the low order harmonics and 
nonlinearity of power switch characteristics in addition to zero vectors not being used in the 
overmodulation. 
The SVPWM operates based on finding the vertex of the triangle of the hexagon diagram that 
the reference voltage lies on; then the duty cycle is applied on the three-voltage vector. The 
trajectory of the reference voltage is circulated and located inside the hexagon diagram until 
the modulation index reaches the maximum value. At maximum value point, the on the 
duration of zero vector becomes zero and a negative vector beyond it. The reference voltage 
trajectory exceeds the hexagon boundary at angle 
𝑘𝜋
3
+ 𝛼 to 
𝑘𝜋
3
− 𝛼 where 𝑘 =
0, 1, 2, 3, 4, 𝑎𝑛𝑑 5. The overmodulation strategy is based on reprogramming the magnitude of 
the reference voltage if it reaches the limit of the hexagon boundary, as shown in Figure 6-38, 
for the first sextant of the space vector modulation. The dashed circle refers to the reference 
voltage trajectory outside the hexagon boundary. When the reference voltage trajectory passes 
the hexagon boundary b c, the space vector modulation should modify the duty cycle and locus 
the reference vector trajectory to make it work in the hexagon boundary based on the region 
number; it means, moving the reference vector trajectory from dashed line 𝑉𝑟𝑒𝑓 to solid line 
𝑉𝑟𝑒𝑓
∗ . 
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Following the [352] approach, the equation to reduce locus of 𝑉𝑟𝑒𝑓 to 𝑉𝑟𝑒𝑓
∗  along the bc line 
becomes. 
 𝑦 = cos (
𝜋
6
)(8𝐸 − 2𝑥) 6-138 
The equation of line oa is: 
 𝑦 = 𝑥𝑡𝑎𝑛(𝜃0) 
6-139 
where α < θ0 <
π
3
− α 
Solving equations 6-138 and 6-139 gives  
 𝑥 =
8𝐸𝑐𝑜𝑠(𝜋 6⁄ )
tan(𝜃0) + 2 cos(
𝜋
6⁄ )
 6-140 
The limited voltage 𝑉𝑟𝑒𝑓
∗  can be expressed as a function of x, as follows 
 𝑉𝑟𝑒𝑓
∗ =
𝑥
cos (𝜃0)
 6-141 
From equations 6-140 and 6-141 Vref
∗  becomes as follows 
 𝑉𝑟𝑒𝑓
∗ =
8𝐸𝑐𝑜𝑠(𝜋 6⁄ )
sin (𝜃0 +
𝜋
3
)
 6-142 
 
 
Figure 6-38: Overmodulation of SVPWM method 
Figure 6-39 shows the flow chart diagram of applied modified SVPWM algorithm. Figure 6-40 
to Figure 6-51 show the phase and line voltage waveforms of the battery, supercapacitors, and 
inverter at the bus bar connected to the microgrid. 
Chapter Six: Management of Multiple Resources in Electric Vehicles 243 
 
 
6.7.3.6 Limitations of the modified space vector modulation  
The battery is expressed as the main energy storage system of the inverter whereas the 
supercapacitors assist with the transient power delivery. Thus, the battery is compensated, and 
the synergy leads to superior dynamic behaviour. In running mode, the function of the 
supercapacitors is either to provide power at the acceleration mode of the vehicle or recuperate 
energy at the braking mode of the vehicle. In connecting mode, the function of the 
supercapacitors is either to provide power in discharging mode or recuperate energy at the 
charging mode. The voltages of the battery and supercapacitors are varied according to the 
state of charge of the resources. Using three separate supercapacitors with variable voltage in 
the topology increases the complexity to implement the proposed space vector modulation 
where the triangle in the hexagon diagram becomes unequal. Furthermore, the asymmetrically 
connected resources are highly likely to circulate current between them due to the difference 
in voltage magnitude. When this occurs, it is much better to simplify the analysis to two 
separate inverters connected in series. The power of the inverter is the accumulated power of 
these two inverters, and the voltage of the inverter is the vectored sum of the voltage of these 
two inverters. It is assumed that the voltage of the supercapacitors is equal following the 
operation. Therefore, the supercapacitors deliver the same power and charge the same energy 
during operation.   
Another parameter affecting the proposed space vector modulation is the ratio of voltage 
between the battery and the supercapacitors (
𝑉𝑏
𝑉𝑠𝑐
⁄ ). For a non-integer ratio, the state of the   
H-bridges is unique for each vector, which could be generated by only one switching 
combination.  Therefore, there is no redundant switching vector. For the integer ratio, 
increasing the ratio raises the number of levels of the space vector modulation. Therefore, the 
redundant switching vector modification increases. For a voltage ratio equal to two, the number 
of levels that could be achieved is five as shown in Figure 6-35. It is assumed that the voltage 
ratio between the battery and the supercapacitors is equal to two in this dissertation.  
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Figure 6-39: Flow chart space vector pulse width modulation algorithm 
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Figure 6-40: Line voltage waveforms of inverter (simulated results) 
 
Figure 6-41: Line voltage waveforms of inverter (experimental results) 
246 Chapter Six: Management of Multiple Resources in Electric Vehicles 
 
 
Figure 6-42: Line voltage waveforms of three-phase bridge (simulated results) 
 
Figure 6-43: Line voltage waveforms of three-phase bridge (experimental results) 
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Figure 6-44: Line voltage waveforms of H-bridge (simulated results) 
 
Figure 6-45: Line voltage waveforms of H-bridge (experimental results) 
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Figure 6-46: Phase voltage waveforms of Inverter (simulated results) 
 
Figure 6-47: Phase voltage waveforms of Inverter (experimental results) 
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Figure 6-48: Phase voltage waveforms of three-phase bridge (simulated results) 
 
Figure 6-49: Phase voltage waveforms of three-phase Bridge (experimental results) 
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Figure 6-50: Phase voltage waveforms of H-bridge (simulated results) 
 
Figure 6-51: Phase voltage waveforms of H-bridge (experimental results) 
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6.8 Voltage Vectors Modulation Strategy Controller 
The control signal which is provided to this stage is assumed to be a sinusoidal signal in 
addition to the modulated vector which has a circular trajectory. According to a signal received 
from the EVA, the real-time simulator starts switching the switches either on or off according 
to the switching strategy. The state of switching strategy can be classified, as stated below: 
 
6.8.1.1 Charging battery mode  
In this configuration, only one resource can be charged at a time, which is the battery where 
the three-phase bridge inverter is operating. The supercapacitors should switch off at charging 
battery mode. The H-bridge converters provide zero output from the supercapacitors by 
switching all lower switches off. The upper switches of the H-bridge converters connect the 
microgrid network to the battery through the three-phase inverter; it is operated with normal 
modulation as the standard three-phase voltage source inverter. The real-time simulator 
provides a xxx010101 signal to the switches where xxx are the upper switches of the three-
phase inverter; the rest of the bits are the upper switches of the H-bridge converter. All the 
lower switches are complementary to the same leg upper switch, as presented in Figure 6-53. 
The switching strategy activates eight vectors as three variables exist 23 where six of them are 
active vectors, and the other two are zero vectors, as presented in Figure 6-52. The output 
voltage amplitude of the active vectors in the stationary (α − β) coordinate axis is equal to 
2
3
Vbat based on the following equations: 
 𝑉𝛼 =
2
3
(𝑉𝑎𝑛 −
1
2
𝑉𝑏𝑛 +
1
2
𝑉𝑐𝑛) 
6-143 
 𝑉𝛽 =
√3
3
(𝑉𝑏𝑛 − 𝑉𝑐𝑛) 
6-144 
 𝑉𝑎𝑛 =
𝑉𝑏𝑎𝑡
2
(2𝑆1_𝑢 − 1) + 𝑉𝑆𝐶𝐴(𝐴2_𝑢 − 𝐴1_𝑢) 
6-145 
 𝑉𝑏𝑛 =
𝑉𝑏𝑎𝑡
2
(2𝑆2_𝑢 − 1) + 𝑉𝑆𝐶𝐵(𝐵2_𝑢 − 𝐵1_𝑢) 
6-146 
 𝑉𝑐𝑛 =
𝑉𝑏𝑎𝑡
2
(2𝑆3_𝑢 − 1) + 𝑉𝑆𝐶𝐶(𝐶2_𝑢 − 𝐶1_𝑢) 
6-147 
as shown in Table 6-3 and Figure 6-52. The charging current could be any amount less than 
the rating of the inverter based on the reference of the vector controller.  
In such a configuration, the power is consumed from the microgrid by the battery only follows: 
 
𝑃𝑏𝑎𝑡 = 𝑉𝑏𝑎𝑡𝐼𝑏𝑎𝑡 = √3𝑉𝑙𝐼𝑙𝑐𝑜𝑠∅ 
𝑃𝑆𝐶𝐴 = 𝑃𝑆𝐶𝐵 = 𝑃𝑆𝐶𝐶 = 0 
6-148 
The voltage level is the same as a standard microgrid voltage, whereas the current flow depends 
on the rated capacity of the inverter, which is 32A in this study. The state of charge of the 
battery starts charging with the optimum current provided from the smart charger until it 
reaches the desired departure state of charge. The power consumed from the supercapacitors is 
zero. Therefore, the state of charge of the supercapacitors remains unchanged.  
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The above equations facilitate the PES of EVO to operate the inverter with the right amount of 
power from the resources of the EV. 
 
Figure 6-52: Standard three-leg inverter hexagon diagram 
 
Figure 6-53: Modified H-bridge multi-level inverter at battery charging mode. 
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The state of charge (top plot), the current (middle plot), and the voltage (bottom plot) response 
of the battery at three charging current steps of the charging battery mode are shown in 
Figure 6-54. The battery charging is at ten amperes for a period of 0-0.3 seconds, 20A for a 
period of 0.3-0.6 seconds, and 30A for a period of 0.6-1 seconds. The effect of charging the 
current appears in an increase of the voltage level of the battery and increasing the state of 
charge of the battery. Increasing the state of a charge is related to the amount of current flow 
through the battery, where high current flows through the battery, a low time of fully charged 
is required. The rate of the state of charge increased by 1.7% and 2.4% at 20A and 30A 
respectively compared with 10A. At the instant of charging, the high transient effect applied to 
the battery can have an acute impact on the current signal due to the internal resistance of the 
battery. Furthermore, increasing the input reference of the charging current at PES shows the 
charging current settling down at a new current value of three cycles of the fundamental 
frequency.  
The current of the battery (top plot), current of the supercapacitor (middle plot), and current of 
the inverter (bottom plot) response at three charging current steps of the charging battery mode 
are shown in Figure 6-55. The figure shows the supercapacitor charged at zero current where 
the H-bridges converter is connected to the battery directly from the microgrid. The drawn 
current from the microgrid increases as the reference of the charging current of the battery 
increases.  
 
Figure 6-54: States of charge, current, and voltage waveforms of battery (simulated results) 
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Figure 6-55: Battery, supercapacitor, and inverter current waveforms (simulated results) 
 
6.8.1.2 Charging supercapacitor mode 
In this configuration, only the resources connected to the H-bridge converters are assumed to 
be charged at a specific time, which are the supercapacitors. To charge the supercapacitors, the 
battery should switch off. The three-phase bridge provides zero output from the battery by 
switching all upper switches of the inverter off. The lower switches of the three-phase inverter 
connect the H-bridges converters together, as shown in Figure 6-56.  
The H-bridge is operated at normal modulation as the standard H-bridge voltage source 
inverter. The real-time simulator provides a 000xxxxxx signal to the switches where xxxxxx 
are the upper switches of the three H-bridge converters whereas the rest of the zero bits are the 
upper switches of the three-phase bridge inverter, as shown in Figure 6-57. All the lower 
switches are complementary to the same leg upper switches. The switching strategy activates 
64 vectors for the H-bridge converter where six switches pair combinations exist (26). It is 
possible to produce a combination of four zero vectors and 24 active vectors. Two of the zero 
vectors combinations which are 010101 and 101010 are used to circulate the energy between 
cells, depending on the phase currents.  
The output voltage amplitude in the stationary (𝛼 − 𝛽) coordinate system of the active vectors 
is equal to 
2
3
𝑉𝑠𝑐 for a one cell activate, 
2
√3
𝑉𝑠𝑐  for a two cell activate, and  
4
3
𝑉𝑠𝑐 for a three cell 
activate. The switching activation of the two cells and three cells supply voltage can be 
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produced from a unique switching configuration. The charging current could be any amount 
less than the rated current of the inverter based on the reference of the vector controller.  
The power produced from the microgrid is consumed by supercapacitors where the battery is 
in an isolated condition. The maximum power of this configuration is related to the state of 
charge of the supercapacitors and the rated power of the inverters. It is necessary to keep all 
the voltage levels of the supercapacitors at the same amount to keep them operating in a 
balanced condition.  
For normal operation, the switching algorithm provides a balanced voltage vector to the 
supercapacitors. However, the normal behaviour of the distribution network provides an 
unbalanced voltage among the phases. The switching strategy tries to select an adequate 
switching combination to control the current vector direction and to keep the amount of 
charging power to an adequate state of charge for the supercapacitors. The switching 
combination is controlled either by reducing or increasing the dwell time of the phases 
switching combination to decide the current flowing through each supercapacitor.  
For example, to provide V =
4
3
𝑉𝑑𝑐𝑒
𝑗0 vector 011010 is applied, as shown in Figure 6-57. Two 
combinations could be applied starting from either vector combination 010000 to let the current 
of phase A flow during all duty cycle of switching combination or vector combination 001010 
to reduce the dwell time switching combination of the current at phase A, as presented below.  
010000 → 010010 → 011010 → 001010 
001010 → 011010 → 010010 → 010000 
To provide V =
2
3
𝑉𝑑𝑐𝑒
𝑗0, there are three combinations that could be used either using a positive 
phase, a vector combination, or using another negative phase combination that makes the 
current of phase A flow in the opposite direction as explained below and depicted in 
Figure 6-57.  
000000 → 010000 → 010100 → 000000 
000000 → 000010 → 001010 → 000000 
000000 → 001000 → 001010 → 000000 
The same strategy could be applied to other phases that need to reduce the dwell time of the 
switching combination. The total power of the converter can be calculated by 
 
𝑃𝑡 = 𝑉𝑆𝐶𝐴𝐼𝑆𝐶𝐴 + 𝑉𝑆𝐶𝐵𝐼𝑆𝐶𝐵 + 𝑉𝑆𝐶𝐶𝐼𝑆𝐶𝐶 = √3𝑉𝑙𝐼𝑙𝑐𝑜𝑠∅ 
𝑃𝑏𝑎𝑡 = 0 
6-149 
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Figure 6-56: Modified H-bridge multi-level inverter at supercapacitors charging mode (the 
semiconductor switches). 
 
Figure 6-57: H-bridge hexagon diagram 
 
V_SCA V_SCB V_SCC
V_bat
Ia
(t
)
Ic
(t
)
Ib
(t
)
S1_u S2_u S3_u
S3_lS2_lS1_l
A1_u
A1_l
B1_uA2_u
A2_l B1_l B2_l
B2_u C1_u C2_u
C2_lC1_l
Van(t)
n
Vcn(t)
Vbn(t)
S1=0 if S1_u=0, S1_I=1
S1=1 if S1_u=1, S1_I=0
 
011010
4/3 V
2V/√3
-4/3 V
010000
001010
010010000010
010100
010110000110100110
000100
100010
100100
100000
000101
100101
100001
000001
101000
101001
001001
001000
010001
011001
010010
000000
111111
010101
101010
Vβ 
-2/3 V 2/3 V
Chapter Six: Management of Multiple Resources in Electric Vehicles 257 
 
The state of charge (top plot), the current (middle plot), and the voltage (bottom plot) response 
of the supercapacitors at two charging current steps of the charging supercapacitors mode are 
shown in Figure 6-58. The supercapacitors are charging at 10A for a period of 0-0.5 seconds 
and 16A for a period of 0.5-1.0 seconds. The effect of the charging current appears in an 
increasing of the voltage level of the supercapacitors and increasing the state of charge of the 
supercapacitors. The state of charge increases at the charging current increase where high 
current passes on to the supercapacitors, low time of full required charge. The rate of the state 
of charge increased by 1.9% at 16A compared with 10A.  
 
Figure 6-58: State of charge, current, and voltage waveforms of supercapacitor connected at phase A 
(simulated results) 
 
The current of the battery (top plot), current of the supercapacitor (middle plot), and current of 
the inverter (bottom plot) responses at two charging current steps of the charging 
supercapacitor mode are shown in Figure 6-59. The figure shows the battery charged at zero 
current where the H-bridges converter connects the supercapacitors directly to the microgrid at 
the positive plate, whereas the negative plate of the supercapacitors is connected by the three-
phase bridge inverter. The current drawn from the microgrid increases as the reference of 
charging current of the supercapacitor increases.  
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Figure 6-59: Battery, supercapacitor, and inverter current waveforms at supercapacitors charging 
mode (simulated results) 
 
The balance currents of the supercapacitors at two charging current steps of the charging 
supercapacitor mode are shown in Figure 6-60.  The top plot refers to the current of the 
supercapacitors connected at phase A; the middle plot refers to the current of the 
supercapacitors connected at phase B; and the bottom plot refers to the current of the 
supercapacitors connected at phase C. The figure shows that the currents drawn from the 
supercapacitors are exactly the same.  It could draw unbalanced currents, as shown in 
Figure 6-61, where different currents passed through the supercapacitors at the same reference 
control signal of Figure 6-60 and different switching combinations. The inverter waveform is 
similar to the H-bridge waveform as the standard three-phase bridge inverter droop zero 
current. 
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Figure 6-60: Balance current waveforms of supercapacitors (simulated results) 
 
Figure 6-61: Unbalanced current waveforms of supercapacitors (simulated results) 
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6.8.1.3 Discharging battery priority mode 
The priority strategy interacts the CSO with EVO accurately by determining the response of 
the resources. In this mode, both the three-phase bridge inverter and three H-bridge converters 
collaborate to supply the required voltage to the microgrid. The modulation strategy in this 
mode is based on activating the three-phase bridge inverter at the fundamental frequency of the 
microgrid and compensates the remaining voltage of the standard microgrid voltage level from 
operating the H-bridge converters. The real-time simulator of the hybrid inverter provides a 
xxxxxxxxx signal to the upper switches of the inverter, as shown in Figure 6-13. All the lower 
switches are complementary to the same leg upper switch. The switching strategy activates 512 
vectors as nine switches pairs combinations existing of (29). It is possible to produce a seven 
zero vectors combination and 192 active vectors combination. The maximum and minimum 
output voltage vectors which can be achieved by this modulation are 𝑉𝐼 =
2
3
(𝑉𝑏𝑎𝑡 + 2𝑉𝑠𝑐) and 
𝑉𝐼 =
2
3
(𝑉𝑏𝑎𝑡 − 2𝑉𝑠𝑐) respectively. The discharging or charging current could be any amount of 
current less than the rated current of the inverter based on the reference of the vector control.   
The output voltage amplitude in the stationary (𝛼 − 𝛽) coordinate system of the active vectors 
is equal to 
2
3
𝑉𝑠𝑐 for a one cell activate, 
2
√3
𝑉𝑠𝑐  for a two cell activate, and  
4
3
𝑉𝑠𝑐 for a three cell 
activate. The switching activation of the two and three cells to supply voltage can be produced 
from a unique switching configuration.  
 
6.8.1.4 Discharging supercapacitor priority mode 
In this mode, the same strategy applied in mode III is activated except that the three H-bridge 
converters switch first at the fundamental frequency of the microgrid and the three-phase bridge 
inverter can supply the remaining standard voltage level of the microgrid. Mode III activates 
at frequency deviation whereas mode IV activates at voltage deviation.  
The power supplied in discharging mode is a shared power between all resources of the inverter 
with figuring out using a minimum switching combination transition to reduce the losses, 
harmonics, voltage ripple, and current ripple of the waveform. During discharge modes, there 
is one inverter operating at a fundamental frequency of the microgrid whereas other parts 
compensate the voltage to reach the standard voltage level of the microgrid.  
The three-phase bridge inverter can switch one bit in each transition during the dwell time of 
the vector combination. The vector repeats uniformly every one-sixth of the frequency period 
for the asymmetrical transition of the three phase waveforms. Therefore, the inverter could 
produce a sinusoidal voltage waveform and pure DC current flow through the battery. The peak 
output voltage magnitude is 
2
3
𝑉𝑏. The three H-bridge converters connect to the three 
supercapacitors; each one works in single phase mode. For collaborating between two 
supercapacitors, more than one bit transition may be required to apply the vector combination, 
in addition to the difficulty of keeping the voltage level of all supercapacitors at the same level 
practically. That increases the losses, harmonics, voltage ripple and current ripple of the 
inverter. Therefore, the output voltage waveform has some distortion and ripple.  
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Figure 6-62: Hexagon diagram of modified H-bridge multi-level inverter. 
 
For operation mode III, the three-phase bridge inverter operates at a fundamental frequency of 
the microgrid and the H-bridge converters compensate the voltage level of the inverter. In 
contrast to operation mode IV, where the three H-bridge converters operate at the fundamental 
frequency of the microgrid and the three-phase bridge inverter compensates the voltage level 
of the inverter, the inverter is likely to have distortion in the mode IV operation more than in 
the mode III operation due to the bits transition in the vector combination.  
The state of charge (top plot), current (middle plot), and voltage (bottom plot) response of the 
battery at two current steps of the discharging mode are shown in Figure 6-63. The battery 
discharged at 15A for a period of 0.3-0.6 seconds and 30A for a period of 0.6-1.0 seconds. The 
effect of the discharging current appeared to decrease the state of charge and the voltage level 
of the supercapacitor. The state of charge decreases rapidly at increased discharge current, 
where high current is drawn from the battery, low time of full discharge is required.  
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Figure 6-63: States of charge current and voltage waveforms of battery (simulated results) 
 
The state of charge (top plot), current (middle plot), and voltage (bottom plot) response of the 
supercapacitors at two current steps of the discharging mode are shown in Figure 6-64. The 
supercapacitor discharged at 10A for a period of 0.3-0.6 seconds and 20A for a period of 0.6-
1.0 seconds. The effect of the discharging current appeared to decrease the state of charge and 
the voltage level of the supercapacitor. The state of charge decreased rapidly at increased 
discharging current, in the same way as the behaviour of battery states. 
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Figure 6-64: States of charge, current, and voltage of supercapacitor at discharging mode (simulated 
results) 
 
The current of the battery (top plot), current of the supercapacitor (middle plot), and current of 
the inverter (bottom plot) response at two current steps of the discharging mode are shown in 
Figure 6-65. The figure shows that the inverter current is the sum of the battery current and the 
supercapacitors’ current. The reference of discharging current of the battery and supercapacitor 
increase when the current drawn from the microgrid increased.  
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Figure 6-65: Battery, supercapacitor, and inverter current waveforms (simulated results) 
 
The voltage waveform of the standard three-leg inverter (top plot), the voltage waveform of 
the H-bridge converter (middle plot), and the voltage waveform of the inverter (bottom plot) 
response at two current steps of discharging mode are shown in  
Figure 6-66. The inverter waveform is the sum of the battery waveform and the supercapacitors 
waveform because they are connected in series.  
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Figure 6-66: Battery, supercapacitor, and inverter voltage waveforms (simulated results) 
 
The three-phase voltage (top plot) and three-phase current (bottom plot) of the inverter are 
shown in Figure 6-67. 
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Figure 6-67: Three-phase currents and voltages of the inverter (simulated results) 
 
6.8.2 Real and reactive power from electric vehicles 
The active power and reactive power injection in the microgrid from the EV are controlled 
using the primary control of the EMS. The total power of the inverter is the sum of the power 
of the battery and the supercapacitors. Therefore, there is a range to generate the power from 
the battery and the supercapacitors based on their state of charge. Investigation of the proposed 
method of control shows that the active power and reactive power can be controlled 
independently, as explained in the next three approaches.  
The first approach is that the EV injects a very small reactive power to the microgrid. 
Figure 6-68 shows the real power that is generated from the EV at two levels, which were 4.5 
kW for the period of 0.2-0.6 seconds and 4 kW for the period of 0.6-1.0 seconds. The active 
power of the inverter is sharing the power of the battery and the supercapacitors. Normally, 
generating active power from the battery is higher than generating active power from the 
supercapacitors. The figure shows two ranges of the battery and supercapacitors in producing 
active power. The 4.5 kW could be generated as either 2.45 kW from the battery and 2.05 kW 
A 
B                                                  C 
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from the supercapacitors or the battery generated 2.4 kW whereas the supercapacitors 
generated 2.1 kW, as shown in the periods of 0.2-0.4 seconds and 0.4-0.6 seconds of 
Figure 6-68 respectively. The 4.0 kW could be generated as either 2.2 kW from the battery, 
and 1.8 kW from the supercapacitor or the battery generated 2.1kW, and the supercapacitors 
generated 1.9 kW, as shown in the periods of 0.6-0.7 seconds and 0.7-1.0 seconds of 
Figure 6-68 respectively. 
The second approach is that the EV injects a very small active power to the microgrid. During 
voltage stability issues, the EV operates as reactive power injection to the microgrid with very 
low active power generated from the resources of the EV. The reactive power generated from 
the EV at two levels, i.e. 4.5 kVAR for a period of 0.2-0.6 seconds and 4 kVAR for a period 
of 0.6-1.0 seconds, as shown in Figure 6-69. To generate 4.5 kVAR, the inverter generated two 
different reactive power levels of the battery and supercapacitors where the battery supplied 
2.5 kVAR and the supercapacitors supplied 2 kVAR during 0.2-0.4 seconds or the battery and 
the supercapacitors supplied 2.25 kVAR during 0.4-0.6 seconds, as shown in Figure 6-69.  
Another level of 4 kVAR was applied. The battery supplied either 2.2 kVAR during 0.6-0.8 
seconds or 2 kVAR during 0.8-1.0 seconds. The rest of the power was generated by the 
supercapacitors. 
The third approach is that the EV generates active and reactive power simultaneously. In this 
case, the EV supplied 3 kW and 1.5 kVAR for 0.2-0.6 seconds and 3.6 kW and 1.8 kVAR for 
the rest of the time. The generation of power from the battery and supercapacitors is shown in 
Figure 6-70 and Figure 6-71. It is clear that the battery and supercapacitors are sharing 
generating both active and reactive power. The battery supplied 1.9kW+0.5kVAR for a period 
of 0.2-0.4 seconds whereas the supercapacitors supplied the rest of the power of the inverter. 
The reference power had changed to produce 1.2kW+1.5kVAR from the battery for the period 
of 0.4-0.6 seconds, whereas the supercapacitor successfully produced the rest of the power of 
the inverter. The same behaviour of battery and supercapacitors is noticed when increasing the 
inverter power injection to 3.6kW+1.8kVAR.  
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Figure 6-68: Active power of inverter, battery, and supercapacitor of EV at different ranges of 
injection of active power to the microgrid (simulated results) 
 
 
Figure 6-69: Reactive power of inverter, battery, and supercapacitor of EV at different ranges of 
injection of reactive power to the microgrid (simulated results) 
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Figure 6-70: Active power of inverter, battery, and supercapacitor of EV at different ranges of 
injection of active and reactive power to the microgrid (simulated results) 
 
 
Figure 6-71: Reactive power of inverter, battery, and supercapacitor of EV at different ranges of 
injection of active and reactive power to the microgrid (simulated results) 
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6.9 Conclusion 
This chapter introducs the mathematical formulae of the lead acid battery and the double layer 
supercapacitor. The modified H-bridge multilevel inverter has been chosen to operate the 
battery and the supercapacitors with load or microgrid connection. A comprehensive and 
systematic framework is implemented to address the power and energy management of the 
battery and the supercapacitors’ energy storage system of the EV. The power and energy 
management framework operates in a chronological way from high-level to low-level shells. 
The high-level shell, medium level shell, and low-level shell are represented by Energy 
Management Shell (EMS), the Power Management Shell (PMS), and the Power Electronic 
Shell (PES) respectively.  
The EMS is intended to control the voltage and frequency of the waveform to a standard level 
and balance the power of the battery and supercapacitors. All the operations within EMS apply 
at a positive sequence waveform within the fundamental frequency. Droop controller adjusts 
the voltage and frequency of the waveform to the standard level of the network which is 50 Hz 
and 220 V in this study. The droop controller should set the amount of power that the energy 
storage systems could provide. The discharging reference power of the energy storage systems 
is changeable according to the capacity and state of charge of the resources. Each EV has 
discharging reference power. A set of mathematical equations of integrating EV to the 
distribution line of the microgrid at CSO node are derived to calculate the suitable power 
reference for each EV based on the characteristic equation, the voltage of the CSO, and the 
power factor of the microgrid to automate the operation of the EMS. The results of the droop 
controller section showed the fast-tracking response of the fundamental frequency and standard 
voltage at the point of disturbance, which took about 1.5 cycles. The vector controller used 
Park’s transformation to transform the three-phase instantaneous stationary reference frame 
into a time-invariant synchronous rotating reference frame to control the active and reactive 
current drawn from the energy storages of the EV. The advantage of using this method has 
resulted in constructing a perfect orientation of the frame dq0 axis to coincide with the axis d 
with the rotor flux vector, whereas in most control cases the quadrature component of flux and 
its derivative will be cancelled. Therefore, this kind of controller is very useful for control 
purposes, which is a vector controller to simplify the electromagnetic equations to deal with 
DC value rather than time varying AC rotating value. Furthermore, the alfa-beta controller is 
used for the observer design to cancel the stator torque pulsation. Therefore, the PID controller 
could be used directly with dq0 or alpha-beta controller, whereas it is not possible to use it 
directly with the time varying ABC model. The amount of active power or reactive power 
drawn from the battery or supercapacitors depends on the state of charge, frequency variation, 
and voltage variation of the resources. For example, at frequency variation, the microgrid 
should draw active power from the battery, whereas at voltage variation the supercapacitors 
supply reactive power to the microgrid. In case one kind of resource fades the other one 
generates the required power. The response of the vector controller to sharing power from the 
battery and the supercapacitors at different references of active and reactive power are depicted 
in Figure 6-68 to Figure 6-71.  
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The PMS is responsible for managing the power split between the battery and supercapacitors 
based on the state of charge of the energy storage systems, frequency deviation, and voltage 
deviation. The fuzzy heuristic derivation is used to balance the variables of the system and to 
decide the reference consuming power from the battery and the supercapacitors. The rules for 
the PMS to choose the most suitable consuming power from the battery and supercapacitors 
are shown in Figure 6-23 to Figure 6-28. The dissection made a rollover to the PES within 
milliseconds.  
The PES is the downstream process in the modular hierarchy power and energy management 
strategy. The PES performs the SVPWM modular to operate the switches of the inverter. The 
modified multi-level H-bridge inverter proposed in this study consists of 18 switches to control 
the battery and the three supercapacitors. The topology of the inverter consists of the three-
phase bridge inverter to control battery operation and three H-bridge converters to control the 
supercapacitors’ operation where each H-bridge converter connects in series with one leg of 
the three-phase bridge inverter. The modified SVPWM approach is proposed as an extension 
of the two-level SVPWM to hybridize the operation of multiple energy storage systems. State 
matrix, space vector location, distribution of the sampling time, and overmodulation are 
represented mathematically in the study. The results show an asymmetrical trigger with a phase 
shift of 1200.  
Results are demonstrated for operating the system at two modes: charging and discharging; at 
charging mode, either the battery or the supercapacitors are charging at a single time because 
they are connected in series. Furthermore, the energy flow from the microgrid to one of them 
until reaching the desire to leave state of charge, then, the other resources start charging. 
Charging supercapacitors is much faster than charging the battery due to its characteristics and 
the rated capacity of the supercapacitor, where the rated capacity of the supercapacitor has been 
chosen as it is much lower than the battery. At discharging mode, both the battery and the 
supercapacitors are synergized to provide the required power. 
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7. Chapter Seven: Experimental Validation 
 
7.1 Introduction 
The physical design and implementation of the proposed system under research validate and 
support the achievement of a mathematical model. There is no mathematical model compact 
with physical model unless doing comparison between the results of the mathematical model 
with the physical model. However, some researchers are very difficult to implement physically 
such as the one under research whereas building a physical model as in Figure 1-12 is very 
complicated and very expensive due to the range of the system which starts from the power 
system level to the power electronic level.  
The research starts by applying power flow analysis at a system consisting of 86 bus bars with 
a variety of loads that balanced by ten centralised generators and connected by 97 lines and 
transformers to figure out the benefits of reconstructing the system to microgrid based on the 
eigenvalue and eigenvector analysis. Then, the analysis of integrating EVs into microgrid 
network of 49 bus bars with a variety of distributed load balanced by 13 of four types 
distributed generators connected by 48 distribution lines studied deeply.  
Three operators of the controller were proposed to provide resilient operation to the microgrid 
which are MGO, CSO, and EVO. The MGO has applied by multi-objective optimisation 
algorithm using MIQP model of Cplex program based on MATLAB environment to manage 
minimum cost operation of the microgrid. The CSO has applied by objective optimisation 
function using MILP model of Cplex program based on the MATLAB environment to achieve 
either minimum charging cost or maximum discharging cost of EVs operation. The EVO 
applied real time snapshot of interconnecting EV within microgrid through three sub-process 
which are EMS, PME, and PES to manage and control the proposed model of providing 
acceptable waveforms characteristics, arbitrating power between resources, and applying 
switching modulation strategy. Therefore, a couple of researcher through years should help 
each other to prepare platform rig of such system. However, many mathematical models of the 
real component of the system validated by several researchers such as power flow analysis of 
the power system, the models of the distributed generators, the lead-acid battery and 
supercapacitor resources of the EVs. Therefore, based on the previous argument, this research 
is focused on validating the real-time operation of modified switching modulation at modified 
cascade multilevel inverter to provide a specific reference from the bank of batteries and three 
supercapacitors which applied the PES level of the research controller. The real-time simulator 
is implemented based on CompactRIO devices and LabVIEW software.  
The proposed research consists of many threads which could be challenging to experiment. 
Hence parts of this research are experimentally validated which feed into the wider and higher 
level parts of the research. 
In particular, this chapter describes the equipment that was employed experimentally to 
validate the energy management scheme proposed in PES in chapter six. For this part of the 
research, an experimental facility was developed with the aim of: 
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1. Demonstrating the voltage waveforms of the three-phase output at different modes. 
2. Demonstrating the current waveforms of the battery, supercapacitor, and the AC side 
of the inverter  
3. Showing the response of the supercapacitors to synergize the battery. 
4. Validate the modulation of modified space vector pulse width modulation to generate 
the voltage waveforms.  
5. Comparing the experimental results with the results of PES from the simulation studies 
carried out in 6.7.3.  
The design considerations of the experimental rig which is presented in this chapter is extended 
of modification and design of Maciej Bendyk [353]. 
 
7.2 Experimental Rig Description 
The overall layout of the experimental rig can be shown in Figure 7-1. The experimental rig 
designed to run a motor drive consisting of 0.37 kW induction motor using a modified cascade 
multilevel inverter. The inverter is powered by a bank of the battery to generate 60 V and three 
supercapacitors each one supply 30 V. The real-time simulator used is CompactRio from 
National Instrument company supported by FPGA technology; it is used to control the rig. The 
overall applied layout of the experimental rig is shown in Figure 7-2 and Figure 7-3. The details 
of the experimental rig are described in following sections. 
7.2.1 Three phase induction motor 
KAPAK induction motor built by English Electric Machines AEI was used in this research as 
shown in the Figure 7-3. The winding of the motor is connected in delta configuration to match 
the voltage available from the resources of the inverter. The three-phase terminal of the motor 
is connected to the output of the inverter through simple LC filter to minimise switching noise 
as shown in Apx_Figure K-16 in the Appendix K. The parameters of the motor are shown in 
Table 7-1. 
Table 7-1: Induction motor parameter  
 Parameter  Value  
1.  Power  0.37 kW 
2.  Voltage  
220/250 V, Delta configuration 
380/440 V, Star configuration  
3.  Current  
1.5 A, Delta configuration 
0.9 A, Star configuration 
4.  Number of phases  Three  
5.  Frequency  50 Hz 
6.  Speed  2840 rev/min 
7.  Regime  Continuous work 
8.  Winding resistance  
21 Ω, Delta configuration 
30 Ω, Star configuration 
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Figure 7-1: Overall layout of experimental rig 
 
Figure 7-2: Inverter overview 
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Figure 7-3: Rig overview 
 
7.2.2 Modified cascade multilevel inverter 
It consists of four resources and four converters. The schematic diagram is explained as three 
phase bridge inverter supplied by a battery connected in series to three H-Bridge converters, 
each one supplied by supercapacitor as described in Apx_Figure K-10 in the appendix K.  
 
7.2.3 National instruments CompactRIO real time simulator 
The National Instruments CompactRIO controller has been chosen. The architecture of the 
typical NI CompactRIO system is shown in Figure 7-4. The configuration of the CompactRIO 
that is used to implement the experimental rig reveals below: 
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Figure 7-4: Architecture of the CompactRIO system 
 
NI CRIO 9012: it is an embedded real-time controller that is suitable for advanced control and 
monitoring the operation of proposed inverter. The specification of this device is 400 MHz 
CPU, 64 MB DRAM, and 128 MB of storage. This controller features accept one Ethernet, one 
USB, and one serial connectivity ports. The configuration of the cRIO-9012 is shown in 
Apx_Figure K-1 in the Appendix K. 
 
NI CRIO 9112: it is a rugged programmable FPGA CRIO chassis that can be used to add C 
series I/O modules to the controller. It consists of eight Xilinx Virtex 5 LX30 FPGA slots with 
19200 flip-flops and 1152 kbit embedded RAM. It operates at an internal clock frequency of 
40 MHz. The chassis is connected to the compatible CRIO controller to communicate with the 
modules installed in the chassis as shown in Apx_Figure K-2 in the Appendix K. 
 
NI 9425: it is input series digital model with 32 channels and 7 µs resolution. It works to read 
decoded information from position encoder.  The configuration of the model NI 9425 is shown 
in Apx_Figure K-3 in the Appendix K. 
 
NI 9476: it is a source of low-speed digital output model with 500µs resolution. It is used to 
control shutdown function of gate drivers. D01 to D0 4 that are used to enable switching of the 
manual switch, three phase bridge, H-bridge phase A, H-bridge phase B, and H-bridge phase 
C respectively. The configuration of the model NI 9476 is shown in Apx_Figure K-4 in the 
Appendix K. 
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NI 9474: it is eight high-speed digital output channels module with 1 µs resolution. Six 
channels outputs are used to control H- bridge converters in each phase. D02 and D03 control 
gate signals of H-bridge converter connected at phase A. D04 and D05 control gates signals of 
H-bridge converter connected at phase B. D06 and D07 control gates signals of H-bridge 
converter connected at phase C. The configuration of the model NI 9474 is shown in 
Apx_Figure K-5 in the Appendix K. 
 
NI 9402: it is high speed four bidirectional channels model with 4 µs resolution. The first three 
channels (DIO0-DIO2) are used to control gate signals of the three-phase bridge while digital 
input DIO3 is used to detect full rotation from the encoder. The signal level of DIO0 to DIO2 
is amplified from 5V to 15V for the optoisolated circuit. The configuration of the model NI 
9402 is shown in Apx_Figure K-6 in the Appendix K. 
 
NI 9201: it is the eight analogue input channels model with ±10 V input range, 12-Bit 
resolution, and 500 kS/s sampling frequency. It is used to measure voltage and current feedback 
signals. The channel is distributed as below: 
AI0 is occupied to measure three phase bridge inverter supply current (Ibat)  
AI1 is occupied to measure H-bridge converter supply voltage connected to phase C (SCc) 
AI2 is occupied to measure H-bridge converter supply voltage connected to phase B (SCb) 
AI3 is occupied to measure H-bridge converter supply voltage connected to phase A (SCa) 
AI4 is occupied to measure inverter current at phase A (Ia) 
AI5 is occupied to measure inverter current at phase C (Ic) 
AI6 is occupied to measure inverter current at phase B (Ib) 
AI7 is occupied to measure three phase bridge inverter supply voltage (Vbat). 
The current in AI0, AI4, AI5, and AI6, the voltage in AI1, AI2, and AI3, and the voltage in 
AI7are converted by external hardware from ±6 A to ±10 V, from floating 0-65 V to 0-10 V, 
and from floating 0-160 V to 0-10 V respectively. The configuration of the model NI 9201 is 
shown in Apx_Figure K-7 in the Appendix K. 
 
7.2.4 Gate drivers circuit for inverter 
Providing galvanic isolation between the resources of the inverter and control system is the 
most important part of the design. NCS6S4815C and astec ASA00CC36-L are used as 
universal galvanic isolated DC/DC converters PSU1, PSU2, PSU3, and PSU4 deliver stable 15 
V to gate drivers in each bridge in addition to optoisolated all the ports (analogue and digital) 
of the NI CRIO as shown in Apx_Figure K-8. The L6390 gate driver is chosen to switch the 
gate of the MOSFET. The schematic diagram of the upper and lower pair MOSFET gate drive 
is shown in Apx_Figure K-9 in the Appendix K. There are nine circuits used to trigger the 18 
switches of Inverter. 
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7.2.5 Optoisolated digital signal interface 
The high-speed logic optocoupler HCPL2601 device is used as galvanic isolation between 
control signals from NI CRIO system and converter gate drivers. The speed and common mode 
rejection of this device are 10 kV/us and 10 Mbit/s. The schematic diagram of digital 
optoisolator is shown in Apx_Figure K-11 in the Appendix K. 
 
7.2.6 Optoisolated voltage and current sensing circuit 
Accurate voltage and current measurement of the resources are required to provide many 
features such as:  
 Estimated maximum available energy of resources to decide the amount of discharging 
or charging power.  
 Stabilise the supercapacitors voltage and current between phases to make it balance. 
 Implementing the space modulation strategy. 
Shunt resistance of 0.05 ohm is used to measure the voltage drop across the resistors that are 
connected with each resource. The separate circuit has been built for each current sense 
depending on isolation amplifiers HCPL-7840 as shown in Apx_Figure K-12.  
The voltage measurement has two features which are measuring the voltage of resources and 
providing isolation between each floating resource and CRIO control system. Therefore, high 
linear analogue optocoupler HCNR201 is used. The schematic diagram of the voltage sense is 
shown in Apx_Figure K-13. The schematic diagram to connect the current and voltage 
measurement is shown in Apx_Figure K-14 in the Appendix K. 
 
7.2.7 Voltage sources 
There are two kinds of measuring used as the voltage supplied to the inverter. The main voltage 
resource is a bank of batteries that supply the three-phase bridge inverter. The bank of batteries 
consists of seven Leoch LP12-4.0 Sealed Lead Acid Batteries (LAB). Each one has a capacity 
of 4.0 Ah and operates at 12 V (SLA 12 V 4.0 Ah). The internal resistance for each one is 0.4 
ohm. The batteries are connected to the three-phase bridge inverter through LC filter to reduce 
the stress on the batteries by minimising the current ripples. The filter consists of 80 uH 
inductor connected in series with the batteries and set of two 1 mF electrolytic capacitors 
connected in parallel with the batteries. The current is measured across the batteries through 
0.05-ohm shunt resistor that is connected in series with the batteries. 
The assistance voltage resource is three banks of supercapacitors that supply three H-Bridge 
converters. Each supercapacitor is connected in series with the battery through the legs of the 
three-phase bridge inverter. The electric double layer boost cap supercapacitor from Maxwell 
Technologies (BMOD0350-15) with individual balanced cells has been selected. Three 
supercapacitors are connected in series for each phase to provide 45 V from total capacitance 
19.333 F where each one has a capacitance of 58 F and supply 15 V. The maximum energy 
that can be stored in each phase is 19.6 kJ while the total energy of the three phases is 58.7 kJ. 
The schematic diagram of the connected resources is shown in Apx_Figure K-15 in the 
Appendix K. 
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7.3 Results Description 
To generate clear waveforms, the results were printed from the oscilloscope as a wdf extension. 
It was converted to csv extension using X viewer program from Yokogawa company; then it 
is drawn by MATLAB. The MATLAB figures show the real axis of the waveforms.   
Figure 7-5A and B show the waveforms of three-phase bridge inverter at output voltage 40 V 
in wdf extension while C shows the same waveforms in MATLAB figures. The rest of the 
results treat same as the previous waveforms. Figure 7-6 to Figure 7-8 show the waveforms of 
three-phase bridge inverter at 50, 60, and 65 V. Figure 7-9 to Figure 7-12 show the waveforms 
of H-Bridge converters operation at 40, 50, 60, 65 V respectively. Figure 7-13 to Figure 7-22 
show the waveforms of sharing power between the three-phase bridge inverter and H-bridge 
converters at 40, 50, 60, 70, 80, 90, 100, 110, 120, and 128 respectively. The Figure 7-8, 
Figure 7-12, and Figure 7-22 operate in overmodulation area. Therefore, the nonlinearity of the 
waveforms increased. Figure 7-23 to Figure 7-26 show the phase voltage waveforms of the 
three-phase bridge inverter at reference voltage 40, 50, 60, and 65 V respectively. Figure 7-27 
to Figure 7-30 show the phase voltage waveforms of the H-Bridges at reference voltage 40, 50, 
60, and 65 V respectively. Figure 7-31 to Figure 7-40 show the phase voltage waveforms of 
operation of both bridges at the reference voltage of 40, 50, 60, 70, 80, 90, 100, 110, 120, and 
128 V respectively. 
 
7.3.1 Measurement devices 
The results of this dissertation are based on the instruments, shown below: 
 TA042 100 MHz 1400 V Differential Probe (three probes) 
 700925 15 MHz 1000 V Differential Probe (one probe) 
 LEM PR30 Oscilloscope AC/DC Current Probe (one probe) 
 DL9510L - Yokogawa mixed signal oscilloscopes (one oscilloscope) 
 
7.3.2 Discussion of experimental results 
The inverter is proposed to operate mainly in three modes. The first mode is the battery that 
supplied the load through three-phase bridge inverter. The second mode is the supercapacitors 
supplied the load through the three H-Bridge converters. The third mode is both the battery and 
the supercapacitors supplied the load through the three-phase bridge inverter and the H-Bridge 
converters respectively. The maximum voltage could supply the inverter depending on the 
voltage of the battery and the supercapacitors.  
During the first mode, the amplitude of active voltage vector in stationary alpha-beta coordinate 
system is represented as two third of battery voltage while the maximum amplitude of the rotary 
voltage vector is equal to 
𝑉𝑏𝑎𝑡
√3
 which represented the radius of the circle inscribed inside the 
hexagon diagram. Therefore, the nonlinearity increased at maximum voltage operation as 
increasing voltage reference of the load due to operation in overmodulation area. Increasing 
nonlinearity distorted the waveforms and increased the harmonics of the waveforms as noticed 
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in Figure 7-8. The system within mode one operates in two level waveforms. Therefore, the 
system does not benefit from the inverter structure to supply high voltage amplitude to reduce 
switching ripples and losses of covering high demand. However, operating the inverter based 
on the three-phase bridge inverter provides symmetrical voltage waveforms with phase shift 
120o . Thus, the output voltage from the inverter would be balanced without depending on the 
state of charge of the supercapacitors.  
The second mode has covered the operation of the H-Bridge converters only. Therefore, the 
supercapacitors supply the load at three levels of vectors which are 0, 𝑉𝑠𝑐, and 2𝑉𝑠𝑐 where the 
operation voltage of the supercapacitors is 30 V. The maximum amplitude of the rotary output 
vector voltage is limited to 
2𝑉𝑠𝑐
√3
. It is easy to notice that the supercapacitors respond very quickly 
to the demand required from  
Figure 7-9 to Figure 7-12. However, practically it is very difficult to keep the supercapacitors 
at the same level of state of charge and same level of voltage. The nonlinearity of the 
waveforms increased as the demand voltage reference increased due to operation of the H-
Bridge converters in overmodulation area as shown clearly in Figure 7-12. Therefore, the 
ripples and the harmonics of the waveforms increased. The supercapacitors discharge power 
very quickly. Therefore, it is difficult to maintain the demand for long time at same voltage 
level of supercapacitors without sharing the demand power with the three-phase bridge 
inverter. It is worth to operate this mode as a filter, power factor correction, accelerating the 
vehicle, recapture of the braking energy or maintaining angle or voltage stability of the system 
for short period.  
The maximum benefits that can be achieved from the proposed inverter topology are operating 
all converters to supply the demand from the battery and the supercapacitors. The operation of 
this mode depends on the requirement as either supercapacitor synergies the battery, or the 
battery synergies the supercapacitors. The inverter could modulate to generate vector voltage 
as sum of three phase bridge inverter and H-Bridge converters which are equal to 
2
3
(𝑉𝑏𝑎𝑡 + 2𝑉𝑠𝑐) whereas the maximum output voltage could be generated from this mode is 
1
√3
(𝑉𝑏𝑎𝑡 + 2𝑉𝑠𝑐). Therefore, this mode could supply much higher voltage than previous modes. 
The number of voltage level tolerates between two to five levels as the reference of demand, 
which increased due to sharing power from both the battery and the supercapacitors. The 
direction of power could be discharging both resources, charging both resources or circulating 
the current between resources to discharge one and charge the other resources based on the 
phase shift angle of the generated waveforms, where the smallest output voltage vector could 
be supplied from this mode is 
2
3
(𝑉𝑏𝑎𝑡 − 2𝑉𝑠𝑐). By noticing Figure 7-14 to Figure 7-22, it could 
be obviously seen that the response of the supercapacitor is quicker than the battery; the 
supercapacitors filtered the current waveforms of the battery by reducing the current ripples 
even at high voltage vector requirement which is shown at Figure 7-40. Therefore, the 
switching losses within the inverter are expected to be small where the transition between the 
switches would be smooth and the switching current would be small. Therefore, the switching 
losses are reduced and the harmonic measurement is expected to be at minimum level.  
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A- waveforms of the three-phase bridge at output voltage 40 V in wdf extension  
 
B – Battery current waveform of three Phase Bridge at output voltage 40 V in wdf extension  
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C - Waveforms of three-phase bridge at output voltage 40 V in MATLAB figure 
Figure 7-5: Waveforms of the three-phase bridge at output voltage 40 V 
 
Figure 7-6: Waveforms of three-phase bridge at output voltage 50 V 
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Figure 7-7: Waveforms of three-phase bridge at output voltage 60 V 
 
Figure 7-8: Waveforms of three-phase bridge at output voltage 65 V 
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Figure 7-9: Waveforms of H-Bridge at output voltage 40 V 
 
Figure 7-10: Waveforms of H-Bridge at output voltage 50 V 
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Figure 7-11: Waveforms of H-Bridge at output voltage 60 V 
 
Figure 7-12: Waveforms of H-Bridge at output voltage 65 V 
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Figure 7-13: Waveforms of Inverter at output voltage 40 V 
 
Figure 7-14: Waveforms of Inverter at output voltage 50 V 
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Figure 7-15: Waveforms of Inverter at output voltage 60 V 
 
Figure 7-16: Waveforms of Inverter at output voltage 70 V 
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Figure 7-17: Waveforms of Inverter at output voltage 80 V 
 
Figure 7-18: Waveforms of Inverter at output voltage 90 V 
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Figure 7-19: Waveforms of Inverter at output voltage 100 V 
 
Figure 7-20: Waveforms of Inverter at output voltage 110 V 
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Figure 7-21: Waveforms of Inverter at output voltage 120 V 
 
Figure 7-22: Waveforms of Inverter at output voltage 128 V 
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Figure 7-23: Phase waveforms of three-phase bridge at output voltage 40 V 
 
Figure 7-24: Phase waveforms of three-phase bridge at output voltage 50 V 
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Figure 7-25: Phase waveforms of three-phase bridge at output voltage 60 V 
 
Figure 7-26: Phase waveforms of three-phase bridge at output voltage 65 V 
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Figure 7-27: Phase waveforms of H-bridge at output voltage 40 V 
 
Figure 7-28: Phase waveforms of H-bridge at output voltage 50 V 
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Figure 7-29: Phase waveforms of H-bridge at output voltage 60 V 
 
Figure 7-30: Phase waveforms of H-bridge at output voltage 65 V 
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Figure 7-31: Phase waveforms of Inverter at output voltage 40 V 
 
Figure 7-32: Phase waveforms of Inverter at output voltage 50 V 
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Figure 7-33: Phase waveforms of Inverter at output voltage 60 V 
 
Figure 7-34: Phase waveforms of Inverter at output voltage 70 V 
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Figure 7-35: Phase waveforms of Inverter at output voltage 80 V 
 
Figure 7-36: Phase waveforms of Inverter at output voltage 90 V 
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Figure 7-37: Phase waveforms of Inverter at output voltage 100 V 
 
Figure 7-38: Phase waveforms of Inverter at output voltage 110 V 
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Figure 7-39: Phase waveforms of Inverter at output voltage 120 V 
 
Figure 7-40: Phase waveforms of Inverter at output voltage 128 V 
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7.4 Conclusion 
Building physical model to represent microgrid as shown in Figure 1-12 is very complicated 
and very expensive due to the higher number of elements spread in wide geographical area that 
have different dynamic response and nature of operation, which distribute between power 
system elements response down to the power electronic elements response. Therfore, the 
micorgrid research consists of many threads which could be challenging to experiment. Hence 
part of EVO is experimentally validated which represents particularly faster domain in the 
research.  
To validate the proposed strategy of switching multi-level inverter, the experimental platform 
has been developed from discrete components which connected to CompactRio devices that 
support FPGA technology and control by LabVIEW Program. Several scenarios have been 
demonstrated based on battery and supercapacitors priority operation whereas the battery and 
the bank of supercapacitors are the main and the assistance resources respectively.  The inverter 
and controller utilize flexibility regarding supply voltage reference from the resources at their 
state of charge limitation, achieve optimum voltage quality, and utilize full capacity of 
resources with minimum ripples and switching losses. They even flexible to override the 
overmodulation issue returning the voltage reference to maximum level based on the state of 
charge of resources. However, the nonlinearity of voltage waveform increased at operation 
near the voltage limitation boundary of resources.  
In general, the inverter topology and control strategy could provide an effective method of 
power flow management and control for resources of EV at connected mode or even running 
mode. Therefore, this scheme of hardware and controller demonstrate feasible solution for 
hardware implementation with minimum components which gives opportunity for further 
commercial applications. 
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8. Chapter Eight: Conclusions and Suggestions for Future Work 
8.1 Conclusions  
Electricity has become essential in our life and the electricity network has a major impact on 
our lifestyle. Therefore, maintaining an electricity system is extremely important for the 
resilient operation of an electricity system with high reliability and stability, to reduce or even 
prevent any disturbance effect on feeding electricity to loads. However, generating electricity 
is a very complex process and has very expensive components. Moreover, delivering electricity 
to the load has a very complicated network spread around a large geographical area. Due to 
several changes, in the nature of the elements of the electricity network, such as integrating 
renewable energy and distributed generators in distribution network near the load, electrifying 
the transportation sector, and changing the nature of load from a single direction to a 
bidirectional element brings many challenges to the existing electrical system and increases the 
possibility of electricity congestion and loss to the system. Therefore, development of the 
existing electricity system to an automated system focusing on reconstruction of the 
distribution network to a microgrid network becomes important to ensure electricity is 
available to the end users. The study presented a holistic approach from three levels, which are 
MGO, CSO, and EVO, to manage and control the power flow of a microgrid network with 
regard to balancing the supply of the distributed generators and aggregated EVs with electricity 
demand. The EVs are powered both by battery and supercapacitors. The thesis has 
demonstrated the multidisciplinary problem of managing and control energy and power 
indecomposable in such a way that three major processes and the links between them can be 
identified.  
This thesis illustrated the modular structure of managing the power flow of a microgrid that 
consists of various distributed generators, loads, and EVs. Each EV is connected to the 
microgrid and has multiple energy resources; these are one battery pack and three 
supercapacitors.  The EV power train is connected to the microgrid through a modified H-
bridge multilevel inverter that also consists of a three-phase bridge inverter for controlling the 
battery and three H-bridge converters connected in series, with a three-phase bridge inverter 
for controlling the supercapacitors. The thesis described two optimisation formulations to 
manage the microgrid and EV’s operation respectively. The objective function of the microgrid 
management used MIQP optimisation formulation to control and schedule the operation of the 
distributed generators, EVs and the electrical demand to avoid possible overloading or network 
degradation. The objective function of the EV’s management used a MILP optimisation 
formulation to control the power flow from the battery and supercapacitors of the EV to the 
microgrid. The formulations were derived by adopting a fresh perspective of the management 
integrating dual resources of EVs to the microgrid problem. The analogies presented in this 
thesis explicate and demonstrate the problem as a chronological systematic implementation 
framework. Based on the conducted investigations, the following conclusions can be drawn 
from this study: 
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Chapter one gave a general introduction,  basis of the hierarchical management and control 
strategy, and the research novelty and contributions of the thesis.. The connotation of research 
which applied to the next chapters are illustrated in the optimisation model of the microgrid 
and the modular power management of the microgrid structure sections to pave the way for the 
next chapters to design the tier of a modular structure framework for each section of the 
microgrid. The general intentions of the research emphasise the points that should be 
accomplished, and address the long-term project outcomes established in the aims section, 
whereas the subsidiary to the aims is formulated in the objectives section.  
This chapter brings attention that reconstructing the electrical system into a smart grid is very 
difficult and very expensive; also, delivering electricity from the generation units to the 
electrical demand happens through a very complex process and large network. Much extra 
equipment, as well as management and control operators, and communication protocols should 
be built into a smart grid to automate the system. It is difficult to anticipate the direction of 
power flow within the smart grid whereas more stable parts could deliver power to less stable 
parts of the system. The stability of the system is not underestimated, whereas some parts of 
the system could have high stability at one time and less stability at a different time based on 
the available electricity sources and nature of the load. Communication protocols, accurate 
measurements, and management operators are at the heart of the smart grid to communicate 
and control the states of each element in the smart grid with operators for accurate decisions 
on balancing load with generation. The distribution network of the smart grid will reconstruct 
to the many small areas based on the nature of the load called the microgrid.  
Each microgrid which could be one building or a couple of buildings is a single controllable 
system. Many distributed generators that generate electricity based on renewable energy will 
integrate within microgrid areas to cover the local demands of the electricity network. The 
microgrid has two modes of operation – either isolated or connected. The isolated mode is 
activated by the isolated point of common coupling device when a major disturbance happens 
to the electrical system that threatens the stability of the system, whereas the generation units 
balance the load locally. It is possible to reconnect the microgrid to the electrical system in case 
the distributed generators of the microgrid are not able to balance the load. The microgrid could 
deliver the surplus power to the adjacent networks or absorb power from them in case the 
distributed generators of the microgrid are not capable of covering the local load requirement. 
The major difference between the existing passive distribution network and the future active 
microgrids is the bidirectional power flow behaviour of the microgrid elements which could 
cause electricity congestion. Therefore, the microgrid should manage and control, probably by 
adding an intelligent controller. It consists of many operators, which are DNO, MGO, CSO, 
PHO, and EVO, that handle many elements of different dynamic responses, whereas each 
element has its own local controller. Therefore, the execution operating time will be different 
between operators. Small period operation and less scheduled time between the operators could 
achieve a more resilient operation of the microgrid; however, operating the distribution 
network as microgrids is very complicated and expensive, as mentioned in Figure 1.7. 
Therefore, timing the operators of the microgrid should be applied in a realistic way based on 
the response of the communication link, measurements, and dynamics of the elements.  
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The interconnection between operators is a key to the continued operation of the microgrid; 
however, delay to or even disconnecting the interconnection between the operators could blind 
the management and controller system, leaving the balancing power flow between the 
distributed generation and loads in chaos. Therefore, flexibility between the centralised and 
decentralised operation of the operators in the interconnection process or disconnecting them 
respectively are required to guarantee the resilient operation of the microgrid. The operators 
are spread across a geographical area of the microgrid and operate autonomously, whereas the 
control unit to manage the operators is located at a distribution network operator, which 
includes a demand management system and market operator sections. Higher delay of 
execution between operators could cause instability due to holding the reference of slower 
operators for many executions of the faster operator without measuring the new, related 
parameters. 
 
Chapter two identified the literature review related to the subjects of the thesis. The research 
has a wide range of topics such as power system infrastructure, power system analysis, power 
electronic devices, control strategy, and EV technology. Therefore, this research implicates 
different survey views of knowledge. The research view of distributing management, control 
operators, and an electrical conversation about connecting EVs to the microgrid are presented 
briefly.  
The available statistical analysis, which presented in this chapter, informs the electricity 
community of the importance of finding an electrical solution to cope with the rapidly 
increasing demand and reduce the environmental pollutants. The solution should cover all parts 
of the power system infrastructure to implement the smart grid and microgrid concepts. The 
literature review reflects the spread of the microgrid among the misalliance sectors of science 
to cover the operation of different elements that have different dynamic response operations. 
The general architecture of the microgrid could be as small as a building or as large as being 
spread through a large geographical area. Therefore, physical elements, protection devices, 
measurement systems, communication links, and controller operators should cover all parts of 
the microgrid, whatever its difficulty and size, to make its operation viable as a single 
controllable system.  
Some sorts of elements in a microgrid could treat as a source in a time and load at a different 
time such as EVs, which could provide mobile energy storage to save the system in emergency 
cases. The range of execution in the operating time of elements within the microgrid has a 
range between minutes in distribution generators to microseconds in power electronic devices. 
Therefore, the timing of the operators should cover the operation delay of different elements. 
There is no exact map or dependable prediction for the number, location, time and size of 
connecting EVs to the microgrid. Therefore, promotion of a charging station system, either 
public or private, will help to spread EVs and control distributing them in a specific location 
which makes it easier to predict the required power needed for them as well as control 
discharging them as a mobile energy storage system. Moreover, the MGO will treat the point 
of the charging station system as an aggregated load in charging mode or a resource in 
discharging mode, rather than treating many points on the system as loads or resources.  
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missing large indicator of the DC-DC converter in modified multi-level inverter bring attention 
to use the inverter as a suitable inverter to cope with different resources of EVs with less cost 
and weight due to easier management and controller, and a variety of available switching 
modulation. 
 
Chapter three displayed the construction of the microgrid network from a realistic distribution 
network and distinction of the enhancement of voltage stability on the system at functions of 
the microgrid. The voltage stability measurement is enhanced in the microgrid operation much 
more than in a traditional operation. The thesis described the formulation of integrated EVs 
within the microgrid. The EV adds a capacitive effect characteristic of the distribution line of 
the microgrid. It increases the critical voltage and critical power limit of the distribution line. 
Therefore, integrating EVs into microgrids demonstrates a positive impact on microgrids in 
enhancement of the power factor of the network and discharges the power of the energy storage 
system to balance the load in case of power flow congestion.  
The voltage stability analysis process much better operation of the electricity system at smart 
grid operation than conventional ones whereas the voltage stability of both transmission system 
and microgrid enhanced further than collapse point at the conventional grid. Therefore, this 
chapter draws attention to the value of reconstructing the electricity system from the view of 
voltage stability analysis which domesticates the connotation of the benefits of the microgrid 
concept and hierarchical management structure in other chapters. The main idea behind 
constructing a microgrid is to allocate the distributed generators in an effective way in a specific 
location. Therefore, allocating the weakest bus strategy to integrate the distributed generators 
within the microgrid provide better voltage stability for the microgrid than a minimum voltage 
bus strategy. The effectiveness of renewable energy resources is different from others based on 
the environment; for example, photovoltaic cells have a very efficient output in the Iraq 
environment due to the high level of solar radiation, whereas wind turbines are not effective in 
the same area due to the naturally low wind speed movement.  
Finding mathematical equations to implement integrating the EVs within the distribution line 
of the microgrid is the key to placing EVs within the power flow analysis to be integrated into 
the system. Therefore, the MGO will incorporate the aggregated EVs that are connected to the 
charging station system as mobile energy resources, considering the electrical characteristics 
of EVs. Normally, the main resources of EVs are the battery and supercapacitor which have 
capacitive element characteristics. Therefore, increasing deployment of the EVs within the 
microgrid will help to compensate for the inductive characteristic of the microgrid, which has 
a positive impact on the power factor correction of the network. Connecting EVs with a high 
state of change could increase the critical voltage and critical power at the user end bus bars. It 
is not necessary for the weakest bus bar on the microgrid to be the same minimum voltage bus 
bar on the network. Therefore, by allocating the distribution generators, EVs could allocate the 
weakest and the minimum voltage bus bars on the network.  
Generally, an instalment charging station system at both bus bars could ameliorate the voltage 
stability and voltage profile of the microgrid. The market operator provides the price of 
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electricity at each time of operation during a day to operators. Therefore, the interconnection 
between the operators and market operator should be maintained carefully. 
 
Chapter four discussed the operation of the MGO level of hierarchical management and 
control system by identifying the overall challenge and the research problem, which includes 
the available capacity of all distributed generators, all electrical demands, the state of all EVs, 
and the capacity of all energy storage systems of connected EVs for the microgrid.  The chapter 
presented the physical, electrical, and dynamic response prosperities which includes the 
operating constraint of all distributed generators, the total demand and losses of the power flow 
analysis, the operating constraints of the EVs, and the operating constraints of the energy 
storage systems of the EV. Subsequently, a problem classification was identified which 
includes calculating the optimisation power of all distributed generators, serving each load 
demand either shaving or curtailing, and the EV charging demand available or discharging 
power required. 
Optimal operation of distributed generators determines the positive impact of using renewable 
energy resources related to the cost of operation, and reduces emission pollutants. However, 
the intermittent nature of the renewable energy could cause the unstable operation of the 
microgrid. Therefore, the energy storage system compensates the intermittent nature of the 
renewable energy to maintain the stable operation of the microgrid with minimum cost and 
minimum emissions. EVs have the characteristic of a mobile energy storage system that 
discharges power from the EVs based on owner acceptance and a predefined limited state of 
charge of energy storage system. Using EV as a mobile energy storage system instead of a 
fixed energy storage system reduces the maintenance cost in addition to no space being 
required to allocate a fixed storage system. However, intelligent management and control 
should apply to ensure the flexible operation of the EVs within the microgrid. The optimisation 
management of the MGO formulation was based on the MIQP for the optimal cost and 
minimum pollution of the distributed generators operation, to balance the load. The 
optimisation model had been implemented in the case study, with a participant of EVs. The 
results presented show that priority of generation should be given to the renewable energy 
sources and this is compensated by the energy storage system, whereas the diesel generator 
used to balance the electric demands at losing the renewable energy due to weather conditions. 
The power transfer between the microgrid and the utility grid depends on the reserve power 
and tariff that has a variable cost per electricity unit over a day.  
The MGO manages the strategic operation of the microgrid to balance the electricity generation 
load by using a variety of distributed generators and storage devices such as EVs that are 
combined within charging station system. The renewable energy sources are reliable to cover 
all the loads of the microgrid due to their intermittency. Furthermore, generation of electricity 
from EVs is not reliable due to the difficult prediction of the number, location, size, time and 
period of connection, and the level of state of charge of EVs as well as the owner acceptance 
to discharge those EVs.  Therefore, the distributed generators should be ready at any time of 
the day to recoup the intermittency of the renewable sources and mis-prediction of EVs 
availability. It is not necessary that EVs provide cheaper electricity than distributed generators, 
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whereas the cost electricity curve of the diesel generator has a quadratic shape. Therefore, 
delivering low electricity from the diesel generator could be cheaper than EVs, whereas 
increasing the generation of the diesel generator increases the price of electricity quadratically 
to make it more expensive than other sources. The EVs and renewable energy sources produce 
electricity free of pollutants emission. However, the manufacturing, recycling or disposal of 
the EVs and renewable energy produce a different kind of pollutant emission. Therefore, the 
pollutant emissions of manufacturing and free emissions of operations should be balanced to 
find the actual impact of renewable energy and EVs on the biodiversity of the Earth. The 
execution time of the MGO is relatively higher than other operators due to the dynamic 
operation of elements within the MGO. Building on the priority of the judgment matrix to 
process multiobjective functions has a direct effect on the operation of the MIQP of the Cplex 
program, whereas changing the value of weighting function could change the output decision 
of the MGO. The mathematical model of the microgrid operation has different parameters from 
logical controller parameters, constraints parameters, mathematical model parameters, and 
multi-objective function parameters. Therefore, the hardware of the MGO should be chosen 
correctly to be able to cope with the data of elements and execute the operation within a 
predefined time execution. Increasing the size of the microgrid would increase the cost and 
delay the execution time of the MGO. On the other hand, increasing the number of microgrids 
would increase the difficulty of interconnection between MGOs and communication links 
between them, which will increase the cost of installation and operation. Therefore, the size of 
the microgrid should be chosen accurately to balance the advantages and disadvantages of the 
operating MGOs. Generally, operating a microgrid with a unit commitment strategy is cheaper 
than without applying a unit commitment strategy.  Furthermore, operating a microgrid in the 
connected mode is cheaper than in the isolated mode.  
 
Chapter five discussed the operation of the CSO level of hierarchical management and control 
system. It explained the CSO as being an essential part to distribute the EVs’ spatiotemporally 
to optimise the charging operation of aggregated EVs and avoid microgrid congestion. The 
CSO facilitates the required electrical demand and available electrical demand to implement a 
pricing policy for the microgrid to charge the energy storage system of each EV reaching to 
desire to leave state of charge. The optimisation formulation was applied to the CSO based on 
MILP, to predict optimum slots of charging each energy storage system of the EV. The decision 
of the CSO was taken according to the time of connection, a period of parking, the initial state 
of charge for energy resources, the capacity of energy resources, and a desire to leave state of 
charge of energy resources. Some EVs could discharge power to help the microgrid balance 
the loads and keep the system stable. The decision of the discharging EVs was initiated based 
on the frequency deviation, voltage deviation, owner of the vehicle acceptance, and predefined 
limit of the state of charge of energy storage systems. The thesis determined that the EVs charge 
at low tariff (at night) and discharge at high tariff (mid-day) could save revenue money, rather 
than paying at the same ratio of the state of charge. Some of those EVs could not reach the 
desired leaving state of charge for the rest of the connection period. Therefore, the priority 
charging strategy could balance charging the EVs reaching or nearly leaving the state of charge 
with a little extra payment rather than optimum slots of charging. The supercapacitor has much 
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faster charging and discharging characteristics than the battery. Thus, the supercapacitors could 
charge during braking energy or the first couple of minutes of connected EV to the microgrid. 
The CSO strategy is flexible enough to charge the energy storage system of the EV at the rated 
power of the converter out the optimum slots calculation by paying extra money to the normal 
tariff.  
The size of the microgrid specifies the number of charging station systems that could be 
installed within a microgrid. More charging station systems provide flexibility in generating 
electricity using EVs. Each charging station system is controlled by a CSO to do centralised 
charging or discharging for connected EVs. The CSO connects hierarchically with the MGO, 
therefore, it is not necessary to connect many CSOs together, whereas the MGO controls all 
CSOs within a microgrid. The size of the charging station system and the hardware memory 
capacity, processor speed, and complicated operation of CSO depend on the number of 
platforms. The CSO manages centralised charging or discharging aggregated EVs according 
to the objective function of the minimum cost of charging EVs or maximum cost of discharging 
EVs based on the MILP of Cplex program. Therefore, the complexity and time processing 
increased when the number of connected EVs increased. MGO provides voltage variation, 
frequency variation, and available or required power to charge or discharge EVs respectively. 
The execution time of CSO is faster than MGO. Therefore, CSO holds the output of the MGO 
and processes it repeatedly until the next execution of the MGO. Therefore, disturbance or 
unpredicted load case changes the parameters of the microgrid without updating it by MGO, 
making the wrong decision by the CSO. To deal with these kinds of fault operation, the watch 
dog timer should receive interrupted signals from MGO to restart the process of the CSO to 
deal with an exact reading of the microgrid. The charging station system will accommodate 
different brands of EVs that have different converter topologies, different resources capacity, 
and register plate. Furthermore, the charging station system should respond to the owner’s 
requirement regarding the period of connection, desire to leave the state of charge of resources, 
and the ability to discharge the EV. Therefore, the measurements and hardware component 
capability should cope with these changeable parameters to achieve the target of CSO. The 
mathematical model of EVs includes the reference of either charging or discharging at normal, 
scheduled, and maximum capacity based on the voltage variation and frequency variation of 
the MGO. Furthermore, the mathematical model of EVs applied logical control, required or 
available power, and the current of each EV to apply the objective function of the optimisation 
model. Therefore, the CSO should maintain a strong connection with the electric vehicle 
agency of each vehicle to achieve the objective function of each EV precisely within the 
execution period. Generally, discharging EVs could offer revenue to the owner of the EV by 
charging those vehicles at a low rate tariff and preparing them to discharge at a high rate tariff 
to income the discharging rate and time rate, whereas the discharging income is higher than the 
charging pay by 10%. The greatest complexity of operating is that of the CSO equipped with 
a battery of EV, whereas the supercapacitor has a very fast charging characteristic and less 
capacity than the battery. 
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Chapter six discussed the operation of the EVO level of hierarchical management and control 
system. It presented the analogy of organisational management and control philosophy in a 
modular hierarchical system. The management and control of the discharging operation used a 
heuristic derivation of split power between the energy storage systems, modulation SVPWM 
to control the modulation of switching devices, and control steps of waveform characteristics 
for power quality purposes. The power conversion to connect the dual energy storage system 
to motor or microgrid is required to unify the operation of the DC waveform of the energy 
storage system and the AC waveform of the motor or microgrid with specific characteristics. 
A modified H-bridge multilevel inverter has been used in this study due to the advantages of 
this topology over traditional bidirectional converters since there is no need to add an inductor 
to boost voltage. Thus, all the disadvantages listed for the traditional topology due to the 
inductor are ignored, such as high ripple of the circuit, the slow response of the control system, 
high voltage droop, nonlinearity of the system, and physical size, weight, and cost. In contrast 
to traditional topology, the modified H-bridge converter has a low number of components, 
various states of control switches, low harmonic distortion and EMI interface, and easily 
accommodates multiple DC resources.   
The modular structure explicated three main processes that added a holistic approach to the 
power and energy management of energy storage systems’ problem description. The process 
is split into the three chronological shells. The timely contributions of the EVO began from 
seconds at EMS to milliseconds at PMS then microseconds at PES. The thesis demonstrated 
the cooperation of using battery and supercapacitors as dispersed, discharging power based on 
the state of charge level to reduce the losses of the system and to increase the lifecycle of energy 
storage systems.  
The first shell (EMS) is responsible for controlling the waveform power quality, which includes 
zero sequence detectors to split the imbalance component from the waveform, the droop 
controller to maintain the frequency and voltage to the standard level, and the vector controller 
to change the rotating reference frame to the stationary reference frame. The filtered reference 
waveform provides the second process in the structure, which is PMS. The PMS uses the fuzzy 
heuristic approach to split the power between the battery and the supercapacitors based on the 
state of charge of energy storage systems, frequency deviation, and voltage deviation of the 
microgrid.  
The third shell of the process is PES, which is responsible for implementing the MSVPWM to 
trigger the 18 switches of the converter topology to implement the PMS power reference of the 
battery and the supercapacitors. The battery operates at three-phase waveform for charging and 
discharging. Therefore, the DC waveform of the battery had low harmonic distortion and low 
ripple. The supercapacitors operate at single phase waveform for charging and discharging. 
Therefore, the DC waveform of the battery had higher harmonic and higher ripple than battery 
waveform. The ripple increased as the current of the supercapacitor increased. Normally, the 
microgrid operates at the unbalanced condition. The supercapacitors could assist balancing the 
microgrid by providing an unsymmetrical switching modulation for operating different values 
of current through the phases of supercapacitors. The switching modulation of the proposed 
inverter topology provided a sinusoidal three-phase waveform at 1200 phase shift at the 
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discharging operation. The total power of the inverter was the sum of the power of the battery 
and the supercapacitors. The modulation switching strategy could supply a range of power by 
cooperation between the battery and the supercapacitors to synergise the microgrid operation. 
The hierarchical organisation management philosophy of MGO, CSO, and EVO presented a 
cogent argument to the stable and reliable operation of EVs within the microgrid.  It provided 
not only a very different perspective to the management of the microgrid problem but also an 
implementation of a modular structure that addresses all aspects of managing the optimum 
operation of distributed generators and EVs to balance the electrical demand of the microgrid 
network. This approach unified the management of EVs within the microgrid as a 
comprehensive description including aspects of the research problem, rather than isolated the 
research into subproblems without fitting it into a whole picture, as taken from many 
publications.   
The time response of the supercapacitor is much faster than that of the battery. Therefore, the 
supercapacitor could deliver power in acceleration or discharge to the microgrid to cover the 
fast response until the battery recaptures the main load. The kinetic energy of braking could be 
saved as electrical energy in a supercapacitor rather than waste it. Therefore, the hybridized 
battery-supercapacitor are complementary resources to achieve better performance for EV 
operation, increase the efficiency of both, extend the life of both, and reduce THD. The multi-
level inverter has many advantages over the conventional converter, such as less weight and 
cost due to the missing main inductor, flexibility in control, better response due to using fewer 
components, lower harmonic and EMI effect, can easily accommodate two resources into it, 
and handling the unbalanced phases by using three separate supercapacitors. However, 
controlling such a converter is complex. Therefore, this kind of inverter is suitable for EV 
application either in running mode or connected mode. EVO could carry out the CSO 
instruction as the centralised operation of EV or collaborate with the electric vehicle agency 
and smart charger controller of EV as a decentralised operation. This flexibility provides the 
continuous operation of EV within the microgrid without interruption, whereas the execution 
time of the EVO is much faster than the execution time of the CSO. Therefore, the EVO does 
not interrupt operating the EV even when the fault happens at CSO. EVO is responsible for 
synchronising, managing and controlling the resources waveforms with the microgrid in 
connected mode as well as running mode in the charging or discharging operation. Therefore, 
it is divided into different dynamic shells, whereas the response of EMS is lower in response 
than PMS and PES, and the PES has a faster response to the controller system. Furthermore, 
the PMS and PES are responsible for power arbitrating and switching modulation respectively. 
Therefore, the reference of the PMS and PES is feeding on EMS which makes the system 
respond in seconds. The EMS is more active in discharging mode than in charging mode. 
Therefore, the system in charging mode operates faster than in discharging mode which can 
catch the PMS execution period which is in milliseconds. The fuzzy controller is a very active 
toolbox to implement the arbitrating power between resources of EV in a synergizing, rigid, 
and fast way, based on four parameters, two of them belonging to microgrid and the others to 
the resources of EV. The switching modulation strategy of the inverter must switch between 
either controlling all switches together or spread switching control of the three-phase bridge 
and H bridges at integer and non-integer ratios between battery and supercapacitor respectively. 
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It is difficult to generalise the states of switching in one form due to the non-uniform conversion 
type of battery and supercapacitors. Therefore, each state of battery and supercapacitors has 
the main solution with minimum switching transition and redundancy, except the non-integer 
ratio which has a special solution. Each EV should generate its discharging reference based on 
the capacity and state of charge of resources to help controllers decide the most suitable 
discharging power, as it is not adequate to provide the same reference discharging power for 
an EV that has a different capacity and state of charge resources.  
 
Chapter seven presented the details of the experimental rig and the results to validate the PES 
shell in the EVO level. The simulation results of the mathematical model match the practical 
results of the inverter operation at PES. Therefore, the mathematical model proposed a good 
approach to extend over the research. A different mode of operation is applied based on the 
switching and resources states. Therefore, the control voltage of resources maximises 
recaptured energy or achieves a maximum number of levels of the inverter. Increasing the 
voltage reference near the limit of resources provides less pulse width modulation, which 
increases the nonlinearity at the waveform. Even when the reference voltage exceeds the limit 
of resources, the overmodulation technique recaptures the voltage reference inside the hexagon 
diagram to make the system stable. However, the nonlinearity of the waveform would be 
maximum. The developed hardware together with its control algorithm supported by 
CompactRIO devices, and LabVIEW software, can fully utilise the resources and control 
algorithms to control the system instantaneous in real time simulation.  It presents the capability 
to increase output voltage using hybridization resources and maintain a balanced voltage at 
supercapacitors as well as the ability to provide a stable output from the resources. Therefore, 
the proposed configuration enhances the performance of inverters to connect the resources of 
EVs to microgrids as well as enhancing the drivetrain. Furthermore, the proposed modulation 
strategy operates the inverter in a robust way with a minimum size of FPGA hardware 
resources. Therefore, the proposed inverter and control strategy could be a feasible solution for 
the hardware implementation of commercial applications.   
 
8.2 Future work 
The major objective of this thesis has been accomplished. However, there are several avenues 
that warrant further immediate investigation in short time scale such as: 
1- The distribution network will facilitate many microgrids depending on the nature of the 
load. Therefore, another level of the operator is required to control the management and 
control the power flow between the microgrids. This level is not included in this 
dissertation. It could be called distribution network operator (DNO). Therefore, more 
investigation of the nature of the load and types of the microgrid should be considered 
to apply the distributed management system to manage and control the circulating 
power of many microgrids within the distribution network and the utility grid.  
2- The thesis contributes charging and discharging aggregated EVs that connected to many 
platforms in charging station system using centralised and decentralised strategy 
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whereas the single platform at home or private charging station does not include. 
Therefore, the hierarchical management should include management and control 
charging and discharging the single EV to cover all kind of charging station system 
within microgrid. The individual strategy should be applied to manage and control 
many EVs spread in a geographical place that have different characteristics such as 
either treat each EV as single CSO or connected single EV by a communication link to 
the nearest CSO. It could be suggested another operator for this kind of charging station 
system called Private Home Station Operator (PHO) and proposed some rules to 
operate it.  
3- It can be noticed that the equation of the microgrid represents the mixed integer 
quadratic optimisation problem. Therefore, many numerical methods proposed to 
simplify the implementation of the optimisation algorithm to provide a rapid solution. 
However, there are many open issues to implement these solvers such as the dynamic 
behaviour of the devices that include in the management problem, the spatiotemporal 
spread of the EVs around the microgrid, the communication delay between the layers 
of the microgrid implanting in a different time. All of these issues present difficulty to 
implement the centralised management and control the power flow and optimisation 
algorithm in real time. Therefore, it is a big challenge to implement the proposed 
algorithm in reality with instant time at the physical component implementation.  
4- Such complicated system that implements centralised solvers in geographically spread 
components population and scalability of the solution is required intelligent 
communication system to deal with the decisions of the solvers between the operators. 
The communication network is essential to collect data and respond to the solvers every 
time some changes occur. Any delays or interference in the electrical signal could cause 
a negative response from the operators that lead to a fault in the system then congestion 
may happen. Therefore, unqualified communication system could cause a blackout of 
the microgrid network.  
5- Each equipment within microgrid has a microcontroller. A function of the 
microcontroller is to synchronise and connect the equipment to the microgrid. 
Therefore, fast response of the microcontroller helps the microgrid to exceed the 
congestion of the system. In addition,  the micro controllers should contact each other 
to simulate the behaviour of the network as the microgrid operates as one block where 
any fault happening could lead to losing all the network. Therefore, unify controller 
design that applies to all applications is required to make the equipment operation 
synergize each other to produce healthy network and mitigate the harmonics to provide 
pure sinusoidal waveforms. The dynamic effect of the connecting or disconnecting the 
microgrid from the utility grid at the point of common coupling could cause a surpluses 
power that leads to isolate the frequency and voltage of the microgrid. Therefore, there 
is a specific strategy that should be applied to prevent the continuous 
variation/oscillation of the grid frequency and voltage during bidirectional power flow 
(between the microgrid and the utility grid).  
6- The most expensive equipment and the highest weight in the EVs is the battery. There 
is still many research in battery technology to reduce the price and weight and increase 
the efficiency. The other challenge of the battery technology is finding the electrical 
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effect of chemical reaction at battery operation to find the exact effect of integration 
many batteries within microgrid and to find the economic evaluation of hybridization 
the supercapacitors within the battery. Monitoring the state of charge of the energy 
storage system is very important where the underestimation can occur within the 
application of the Peukert’s equation leading to inaccurate measurement [354]. 
Therefore, further research on the estimation of the accurate state of charge of the 
energy storage systems at real time is essential to include and analyse the effect and 
controllability of most or all parameters of energy storage system. 
7- Normally, the distribution network has an unbalanced nature. Therefore, the load flow 
analysis and modulation analysis should include the unsymmetrical behaviour of the 
distribution network within the formulation algorithms. Including the unsymmetrical 
behaviour of the electricity waveform could change the distributed power among the 
distributed generators where unbalance phases are applied. Therefore, the optimisation 
algorithm becomes more complicated and require large size to implement in addition 
to not all brands of the EVs apply the same topology of the inverter.  
8- Therefore, the effect of different topologies requires more investigation to balance the 
charging and discharging the energy storage system of the proposed topology. This 
study has been used the equal triangle in the modulation the M-SVPWM whereas at 
unbalance condition the unequal triangle should include in the modulation analysis, in 
addition, the ratio of the voltage between the battery and supercapacitors become 
unequal. Therefore, a unique vector should be applied for each case which may be 
required. It is possible to use three separate supercapacitors in the EV to mitigate the 
unbalancing effect of the microgrid waveform.  
9- The main feature of the EV is covering owner purposes. Therefore, the research should 
consider the propulsion load of the EV on studying proposed topology and switching 
modulation to figure out the feasible applicability of the managing power and energy 
of multiple energy resources for EV applications.  
10- The thesis discussed three levels of operators that work based on different functions at 
different time scale in addition to the suggestion of the DNO to control different 
microgrids. Therefore, studying the stability analysis of the chronological framework 
of the DNO, MGO, CSO, PHO, and EVO and the sensitive dependency on component 
variations become necessary to figure out the effect of the interconnected operation of 
the operators that have a different response of component on the stability issue. 
11- The PHO could include more than two resources such as photovoltaic cell in private 
parking. Therfore, the multilevel inverter topology in single charging station system 
may be extended to higher than five levels to cover another kind or electrical sources 
which then complecates sychronising the inverter with microgrid, the mangment of 
resources, and control switching modulation strategy. . 
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Appendices 
Appendix A  
Determination of critical voltage𝑉𝑟,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 
 𝑣𝑠 = 𝐴0 × 𝑣𝑟 + 𝐵0 × 𝑖𝑟 
A-1 
where 𝑣𝑠 and 𝑣𝑟 are the sending end and receiving end voltage. 
𝑖𝑟 is the receiving end current. 
𝐴0, 𝐵0 are the generalized line constant. 
 
 𝑖𝑟 =
𝑣𝑠∠𝛿 − 𝐴0 × 𝑣𝑟
𝐵0
 
A-2 
 
𝑖𝑟
∗
=
𝑣𝑠 × (𝑏1 + 𝑗𝑏2) × (𝑐𝑜𝑠𝛿 − 𝑗𝑠𝑖𝑛𝛿) − 𝑣𝑟 × (𝑏1 + 𝑗𝑏2) × (𝑎1 − 𝑗𝑎2)
(𝑏1
2 + 𝑏2
2)
 
A-3 
 
𝑖𝑟
∗𝑣𝑟 = [
𝑣𝑠𝑣𝑟(𝑏1𝑐𝑜𝑠𝛿 + 𝑏2𝑠𝑖𝑛𝛿) − 𝑣𝑟(𝑎1𝑏1 + 𝑎2𝑏2)
(𝑏1
2 + 𝑏2
2)
− 𝑗
𝑣𝑠𝑣𝑟(𝑏1𝑠𝑖𝑛𝛿 − 𝑏2𝑐𝑜𝑠𝛿) + 𝑣𝑟
2(𝑎1𝑏2 − 𝑎2𝑏1)
(𝑏1
2 + 𝑏2
2)
] 
A-4 
 𝑆𝑟 = 𝑃𝑟 + 𝑗𝑄𝑟 = 𝑣𝑟 × 𝑖𝑟
∗ A-5 
 𝑃𝑟 =
𝑣𝑠𝑣𝑟(𝑏1𝑐𝑜𝑠𝛿 + 𝑏2𝑠𝑖𝑛𝛿) − 𝑣𝑟
2(𝑎1𝑏1 + 𝑎2𝑏2)
(𝑏1
2 + 𝑏2
2)
 
A-6 
 𝑄𝑟 =
𝑣𝑠𝑣𝑟(𝑏2𝑐𝑜𝑠𝛿 − 𝑏1𝑠𝑖𝑛𝛿) − 𝑣𝑟
2(𝑎1𝑏2 − 𝑎2𝑏1)
(𝑏1
2 + 𝑏2
2)
 
A-7 
where 𝐴0 = 𝑎1 + 𝑗𝑎2  and 𝐵0 = 𝑏1 + 𝑗𝑏2 are the generalized line constant for the 
compensated transmission system. 
Hence the power balance equations at the receiving end of the transmission system are: 
 𝑓1(𝑉𝑆, 𝑉𝑅 , 𝛿) = 𝑃𝑅 −
𝑣𝑠𝑣𝑟(𝑏1𝑐𝑜𝑠𝛿 + 𝑏2𝑠𝑖𝑛𝛿) − 𝑣𝑟
2(𝑎1𝑏1 + 𝑎2𝑏2)
(𝑏1
2 + 𝑏2
2)
 
A-8 
 𝑓2(𝑉𝑆, 𝑉𝑅 , 𝛿) = 𝑄𝑅 −
𝑣𝑠𝑣𝑟(𝑏2𝑐𝑜𝑠𝛿 − 𝑏1𝑠𝑖𝑛𝛿) − 𝑣𝑟
2(𝑎1𝑏2 − 𝑎2𝑏1)
(𝑏1
2 + 𝑏2
2)
 
A-9 
From Jacobian matrix, it can be written: 
 [
𝑃𝑅
𝑄𝑅
] =
[
 
 
 
𝜕𝑃𝑅
𝜕𝛿
𝜕𝑃𝑅
𝜕𝑣𝑟
𝜕𝑄𝑅
𝜕𝛿
𝜕𝑄𝑅
𝜕𝑣𝑟 ]
 
 
 
× [
𝛿
𝑣𝑟
] A-10 
where 𝑃𝑅 and 𝑄𝑅 are the real and reactive power. 
𝛿 and 𝑣𝑟 are the load angle and the receiving voltage. 
The maximum power transfer criterion is determined by considering the singularity of the 
Jacobian.  
This leads to the following condition for stable operation 
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𝜕𝑃𝑅
𝜕𝛿
×
𝜕𝑄𝑅
𝜕𝑣𝑟
−
𝜕𝑃𝑅
𝜕𝑣𝑟
×
𝜕𝑄𝑅
𝜕𝛿
 
A-11 
Then 
𝜕𝑃𝑅
𝜕𝛿
=
𝑣𝑠𝑣𝑟(𝑏2𝑐𝑜𝑠𝛿 − 𝑏1𝑠𝑖𝑛𝛿)
(𝑏1
2 + 𝑏2
2)
 
A-12 
 
𝜕𝑃𝑅
𝜕𝑣𝑟
=
𝑣𝑠(𝑏1𝑐𝑜𝑠𝛿 + 𝑏2𝑠𝑖𝑛𝛿) − 2𝑣𝑟(𝑎1𝑏1 + 𝑎2𝑏2)
(𝑏1
2 + 𝑏2
2)
 
A-13 
 
𝜕𝑄𝑅
𝜕𝛿
=
𝑣𝑠𝑣𝑟(𝑏2𝑠𝑖𝑛𝛿 − 𝑏1𝑐𝑜𝑠𝛿)
(𝑏1
2 + 𝑏2
2)
 
A-14 
 
𝜕𝑄𝑅
𝜕𝑣𝑟
=
𝑣𝑠(𝑏2𝑐𝑜𝑠𝛿 − 𝑏1𝑠𝑖𝑛𝛿) − 2𝑣𝑟(𝑎1𝑏2 − 𝑎2𝑏1)
(𝑏1
2 + 𝑏2
2)
 
A-15 
it is possible to write equation A-15 as in equation A-16: 
 
𝑣𝑠𝑣𝑟[𝑣𝑠 − 2𝑣𝑟(𝑎1𝑐𝑜𝑠𝛿 + 𝑎2𝑠𝑖𝑛𝛿)]
(𝑏1
2 + 𝑏2
2)
= 0 
A-16 
Either 𝑣𝑠𝑣𝑟 = 0 A-17 
Or 
[𝑣𝑠 − 2𝑣𝑟(𝑎1𝑐𝑜𝑠𝛿 + 𝑎2𝑠𝑖𝑛𝛿)]
(𝑏1
2 + 𝑏2
2)
= 0 
A-18 
At substituting 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 then 
 𝑉𝑟,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
𝑣𝑠
2(𝑎1𝑐𝑜𝑠𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 + 𝑎2𝑠𝑖𝑛𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙)
 A-19 
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Appendix B  
Determination of critical angular separation critical  
 𝑃𝑟 × 𝑡𝑎𝑛∅ = 𝑄𝑟 
B-1 
where 𝑃𝑟&𝑄𝑟 are the real and reactive power. 
∅ is the power factor angle of the load 
From appendix (A) 
 
𝑃𝑟
𝑄𝑟
=
(𝑎1𝑏1 − 𝑎2𝑏2) + (𝑎1𝑏2 + 𝑎2𝑏1) × 𝑡𝑎𝑛(2𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙)
(𝑎1𝑏1 − 𝑎2𝑏2) × 𝑡𝑎𝑛(2𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) − (𝑎1𝑏2 + 𝑎2𝑏1)
 
B-2 
Equation B-3 formed by substituting equation B-2 in equation B-1: 
 
(𝑎1𝑏1 − 𝑎2𝑏2) + (𝑎1𝑏2 + 𝑎2𝑏1) × 𝑡𝑎𝑛(2𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙)
(𝑎1𝑏1 − 𝑎2𝑏2) × 𝑡𝑎𝑛(2𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) − (𝑎1𝑏2 + 𝑎2𝑏1)
𝑡𝑎𝑛∅ = 1 
B-3 
 𝑡𝑎𝑛(2𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) =
𝑎1(𝑏1𝑡𝑎𝑛∅ + 𝑏2) + 𝑎2(𝑏1 − 𝑏2𝑡𝑎𝑛∅)
𝑎1(𝑏1 − 𝑏2𝑡𝑎𝑛∅) − 𝑎2(𝑏1𝑡𝑎𝑛∅ + 𝑏2)
=
𝐾1
𝐾2
 
B-4 
 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
1
2
𝑡𝑎𝑛−1 (
𝐾1
𝐾2
) 
B-5 
 𝐾1 = 𝑎1(𝑏1𝑡𝑎𝑛∅ + 𝑏2) + 𝑎2(𝑏1 − 𝑏2𝑡𝑎𝑛∅) B-6 
 𝐾2 = 𝑎1(𝑏1 − 𝑏2𝑡𝑎𝑛∅) − 𝑎2(𝑏1𝑡𝑎𝑛∅ + 𝑏2) B-7 
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Appendix C  
Determination of the ratio of the critical power transfer 
criticalRP  and the surge impedance 
loading. 
The surge impedance loading (SIL) of a lossy line is given by: 
 𝑆𝐼𝐿 =
𝑉𝑆
2𝑧1
𝑍0
 
C-1 
where 𝑍0 = 𝑧1 + 𝑗𝑧2  is the surge impedance of the lossy line 
 𝑍0 = 𝑍0√1 − 𝑗𝛼 
C-2 
where 𝑍0 is the surge impedance of a lossless line. 
𝛼 is the line loss factor of the lossy line i.e. 𝛼 =
𝑅
𝜔𝐿
 
𝑤ℎ𝑒𝑟𝑒 𝑅 and 𝜔𝐿 are the resistance and inductive reactance of the lossy line. 
Using equation (C-2), equation (C-1) may be written as: 
 𝑆𝐼𝐿 =
𝑉𝑆
2√1 + √1 + 𝛼2
𝑍0√√2(1 + 𝛼2)
 C-3 
The critical limit of power transfer 
criticalRP  is obtained from equation (A-1) of appendix A 
by replacing 
RV   and   by their critical values. Finally, criticalRP  in terms of SIL of a lossy 
line is expressed as: 
 𝑃𝑅,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
𝐾3𝐾4√√2(1 + 𝛼2) − (𝑎1𝑏1 + 𝑎2𝑏2)
√1 + √1 + 𝛼2 × 𝐾4
2(𝑏1
2 + 𝑏2
2)
 
C-4 
where  𝐾3 = 𝑏1𝑐𝑜𝑠𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 + 𝑏2𝑠𝑖𝑛𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 C-5 
 𝐾4 = 𝑎1𝑐𝑜𝑠𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 + 𝑎2𝑠𝑖𝑛𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 C-6 
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Appendix D  
 
Apx_Figure D-1: Schematic diagram of the equivalent π model with load 
 
 𝑉𝑠 = 𝐴𝑉𝑟 + 𝐵𝐼𝑟 D-1 
 𝐼𝑟 = 𝐼𝑟 + 𝑌𝑡𝑟𝑉𝑟 D-2 
 𝑉𝑟 = 𝑉𝑟 + 𝑍𝑡𝑟𝐼𝑟 D-3 
 𝑉𝑟 = (1 + 𝑍𝑡𝑟𝑌𝑡𝑟)𝑉𝑟 + 𝑍𝑡𝑟𝐼𝑟 D-4 
 𝑉𝑠 = (𝐴 + 𝐴𝑍𝑡𝑟𝑌𝑡𝑟 + 𝐵𝑌𝑡𝑟)𝑉𝑟 + (𝐴𝑍𝑡𝑟 + 𝐵)𝐼𝑟 D-5 
 𝐼𝑠 = 𝐶𝑉𝑟 + 𝐷𝐼𝑟 D-6 
 𝐼𝑠 = (𝐶 + 𝐶𝑍𝑡𝑟𝑌𝑡𝑟 + 𝐷𝑌𝑡𝑟)𝑉𝑟 + (𝐶𝑍𝑡𝑟 + 𝐷)𝐼𝑟 D-7 
 𝑉𝑠 = 𝑉𝑠 + 𝑌𝑡𝑠𝐼𝑠 D-8 
 
𝑉𝑠 = (𝐴 + 𝐴𝑍𝑡𝑟𝑌𝑡𝑟 + 𝐵𝑌𝑡𝑟 + 𝐶𝑍𝑡𝑠 + 𝐶𝑍𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟 + 𝐷𝑍𝑡𝑠𝑌𝑡𝑟)𝑉𝑟
+ (𝐴𝑍𝑡𝑟 + 𝐵 + 𝐶𝑍𝑡𝑠𝑍𝑡𝑟 + 𝐷𝑍𝑡𝑠)𝐼𝑟 
D-9 
 𝐼𝑠 = 𝐼𝑠 + 𝑌𝑡𝑠𝑉𝑠 D-10 
 
𝐼𝑠 = (𝐴(𝑌𝑡𝑟 + 𝑌𝑡𝑠 + 𝑌𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠𝑌𝑡𝑟) + 𝐵𝑌𝑡𝑠𝑌𝑡𝑟
+ 𝐶(1 + 𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠 + 𝑍𝑡𝑠𝑌𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟))𝑉𝑟
+ (𝐴(𝑌𝑡𝑠𝑍𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠) + 𝐵𝑌𝑡𝑠 + 𝐶(𝑍𝑡𝑠𝑌𝑡𝑠𝑍𝑡𝑟 + 𝑍𝑡𝑟)
+ 𝐷)𝐼𝑟 
D-11 
 𝐴0 = 𝐴(1 + 𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑟) + 𝐵𝑌𝑡𝑟 + 𝐶(𝑍𝑡𝑠 + 𝑍𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟) D-12 
 𝐵0 = 𝐴(𝑍𝑡𝑟 + 𝑍𝑡𝑠) + 𝐵 + 𝐶𝑍𝑡𝑠𝑍𝑡𝑟 D-13 
 
𝐶0 = 𝐴(𝑌𝑡𝑟 + 𝑌𝑡𝑠 + 𝑌𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠𝑌𝑡𝑟) + 𝐵𝑌𝑡𝑠𝑌𝑡𝑟
+ 𝐶(1 + 𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠 + 𝑍𝑡𝑠𝑌𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟) 
D-14 
 𝐷0 = 𝐴(1 + 𝑌𝑡𝑠𝑍𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠) + 𝐵𝑌𝑡𝑠 + 𝐶(𝑍𝑡𝑠𝑌𝑡𝑠𝑍𝑡𝑟 + 𝑍𝑡𝑟) D-15 
 tsZ trZ
loads
V
r
V
AC
rIrIsIsI
tsY trYs
V
r
V
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Appendix E  
 
Apx_Figure E-1: Schematic diagram of the equivalent π model with source 
 𝑉𝑠 = 𝐴𝑉𝑟 + 𝐵𝐼𝑟 E-1 
 𝐼𝑟 = −𝐼𝑟 + 𝑌𝑡𝑟𝑉𝑟 E-2 
 𝑉𝑟 = 𝑉𝑟 + 𝑍𝑡𝑟𝐼𝑟 E-3 
 𝑉𝑟 = (1 + 𝑍𝑡𝑟𝑌𝑡𝑟)𝑉𝑟 − 𝑍𝑡𝑟𝐼𝑟 E-4 
 𝑉𝑠 = (𝐴 + 𝐴𝑍𝑡𝑟𝑌𝑡𝑟 + 𝐵𝑌𝑡𝑟)𝑉𝑟 − (𝐴𝑍𝑡𝑟 + 𝐵)𝐼𝑟 E-5 
 𝐼𝑠 = 𝐶𝑉𝑟 + 𝐷𝐼𝑟 E-6 
 𝐼𝑠 = (𝐶 + 𝐶𝑍𝑡𝑟𝑌𝑡𝑟 + 𝐷𝑌𝑡𝑟)𝑉𝑟 − (𝐶𝑍𝑡𝑟 + 𝐷)𝐼𝑟 E-7 
 𝑉𝑠 = 𝑉𝑠 + 𝑌𝑡𝑠𝐼𝑠 E-8 
 
𝑉𝑠 = (𝐴 + 𝐴𝑍𝑡𝑟𝑌𝑡𝑟 + 𝐵𝑌𝑡𝑟 + 𝐶𝑍𝑡𝑠 + 𝐶𝑍𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟 + 𝐷𝑍𝑡𝑠𝑌𝑡𝑟)𝑉𝑟
− (𝐴𝑍𝑡𝑟 + 𝐵 + 𝐶𝑍𝑡𝑠𝑍𝑡𝑟 + 𝐷𝑍𝑡𝑠)𝐼𝑟 
E-9 
 𝐼𝑠 = 𝐼𝑠 + 𝑌𝑡𝑠𝑉𝑠 E-10 
 
𝐼𝑠 = (𝐴(𝑌𝑡𝑟 + 𝑌𝑡𝑠 + 𝑌𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠𝑌𝑡𝑟) + 𝐵𝑌𝑡𝑠𝑌𝑡𝑟
+ 𝐶(1 + 𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠 + 𝑍𝑡𝑠𝑌𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟))𝑉𝑟
− (𝐴(𝑌𝑡𝑠𝑍𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠) + 𝐵𝑌𝑡𝑠
+ 𝐶(𝑍𝑡𝑠𝑌𝑡𝑠𝑍𝑡𝑟 + 𝑍𝑡𝑟) + 𝐷)𝐼𝑟 
E-11 
 𝐴0 = 𝐴(1 + 𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑟) + 𝐵𝑌𝑡𝑟 + 𝐶(𝑍𝑡𝑠 + 𝑍𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟) E-12 
 𝐵0 = −𝐴(𝑍𝑡𝑟 + 𝑍𝑡𝑠) − 𝐵 − 𝐶𝑍𝑡𝑠𝑍𝑡𝑟 E-13 
 
𝐶0 = 𝐴(𝑌𝑡𝑟 + 𝑌𝑡𝑠 + 𝑌𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠𝑌𝑡𝑟) + 𝐵𝑌𝑡𝑠𝑌𝑡𝑟
+ 𝐶(1 + 𝑍𝑡𝑟𝑌𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠 + 𝑍𝑡𝑠𝑌𝑡𝑠𝑍𝑡𝑟𝑌𝑡𝑟) 
E-14 
 𝐷0 = −𝐴(1 + 𝑌𝑡𝑠𝑍𝑡𝑟 + 𝑍𝑡𝑠𝑌𝑡𝑠) − 𝐵𝑌𝑡𝑠 − 𝐶(𝑍𝑡𝑠𝑌𝑡𝑠𝑍𝑡𝑟 + 𝑍𝑡𝑟) E-15 
Definition 𝑘𝑑 = Degree of shunt compensation =
𝑏
𝜔𝐶
= 
𝑏𝑍0
𝜃
 
E-16 
 𝛼 = Line loss factor =
𝑟
𝜔𝐿
 
E-17 
 𝛽 = Phase shift constant of a loss less line = ω√𝐿𝐶 E-18 
 𝜃 = Line angle of a loss less line = βℓ E-19 
 ℓ = Line length E-20 
 𝜃 = Line angle of a lossy line = 𝜃√1 − 𝑗𝛼 E-21 
 𝑍0 = Surge impedance of a loss less line = √
𝐿
𝐶
 
E-22 
 𝑅 = √1 − 𝑗𝛼 E-23 
 tsZ trZ
s
V
r
V
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rIrIsIsI
tsY trYs
V
r
V
T.L
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Appendix F  
From the characteristics of long transmission line, the equation in terms of the ABCD  
constants for transmission line is 
 [
𝑉𝑠
𝐼𝑠
] = [
𝐴 𝐵
𝐶 𝐷
] [
𝑉𝑅
𝐼𝑅
] F-1 
where 𝑉𝑠&𝑉𝑅 are the voltage at the sending and the receiving end of the line. 
𝐼𝑠&𝐼𝑅 are the current at the sending and the receiving end of the line. 
𝐴𝐵𝐶𝐷 parameter is the generalized circuit constant of the line, 
 𝐴 = 𝑐𝑜𝑠ℎ(𝛾ℓ) F-2 
 𝐵 = 𝑍𝑐𝑠𝑖𝑛ℎ(𝛾ℓ) F-3 
 𝐶 =
1
𝑍𝑐
𝑠𝑖𝑛ℎ(𝛾ℓ) 
F-4 
 𝐷 = 𝑐𝑜𝑠ℎ(𝛾ℓ) F-5 
Note that DA   and 1 BCAD . 
It is now possible to find an accurate equivalent   model, shown in figure (E-1) to replace 
the ABCD  constants of the two-port network. 
 [
𝑉𝑅
𝐼𝑅
] = [
𝐷 −𝐵
−𝐶 𝐴
] [
𝑉𝑆
𝐼𝑆
] 
F-6 
 𝐴 = 1 +
𝑍𝑌
2
= 𝐷 
F-7 
 𝐵 = 𝑍 F-8 
 𝐶 = 𝑌 (1 +
𝑍𝑌
4
) 
F-9 
 tanh (
𝛾ℓ
2
) =
cosh(𝛾ℓ) − 1
sinh (𝛾ℓ)
 
F-10 
The parameters of the equivalent 𝜋 model are obtained in Equations F-11 and F-12 
respectively. 
 𝑍 = 𝑍𝑐 sinh(𝛾ℓ) = 𝑍
sinh (𝛾ℓ)
𝛾ℓ
 
F-11 
 
𝑌
2
=
1
𝑍𝑐
tanh (
𝛾ℓ
2
) =
𝑌
2
tanh (
𝛾ℓ
2
)
𝛾ℓ
2
 
F-12 
 
 
Apx_Figure F-1: Equivalent π model for long length line 
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Appendix G  
From equation (D-1), (D-2), (D-3) and (D-4) then 
 𝐴0 = cosh(𝑗𝜃) − 𝑗sinh (𝑗𝜃) × 𝑘𝑑𝜃 
G-1 
 𝐵0 = sinh(𝑗𝜃) 𝑍0𝑅 G-2 
 𝐶0 = sinh(𝑗𝜃) × (
1
𝑍0𝑅
) − 𝑗cosh(𝑗𝜃) ×
𝑘𝑑𝜃
𝑍0
 
G-3 
 𝐴0 = cosh(𝑗𝜃) G-4 
Appendix H  
Multi-level inverter state space equations  
Ca Cb Cc
C
La Lb Lc
Idc
Idca Idcb Idcc
Ia Ib Ic
Ia\ Ib\ Ic\
ecebea
 
Apx_Figure H-1: Schematic diagram of inverter topology 
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 𝑉𝑎𝑏(𝑡) = 𝑉𝑑𝑐(𝑡)[𝑆𝑎 − 𝑆𝑏] H-1 
 𝑉𝑏𝑐(𝑡) = 𝑉𝑑𝑐(𝑡)[𝑆𝑏 − 𝑆𝑐] H-2 
 𝑉𝑐𝑎(𝑡) = 𝑉𝑑𝑐(𝑡)[𝑆𝑐 − 𝑆𝑎] H-3 
 𝑉𝑎𝑛(𝑡) =
1
3
[𝑉𝑎𝑏(𝑡) − 𝑉𝑐𝑎(𝑡)] =
1
3
𝑉𝑑𝑐(𝑡)[2𝑆𝑎 − 𝑆𝑏 − 𝑆𝑐] 
H-4 
 𝑉𝑏𝑛(𝑡) =
1
3
[𝑉𝑏𝑐(𝑡) − 𝑉𝑎𝑏(𝑡)] =
1
3
𝑉𝑑𝑐(𝑡)[2𝑆𝑏 − 𝑆𝑎 − 𝑆𝑐] 
H-5 
 𝑉𝑐𝑛(𝑡) =
1
3
[𝑉𝑐𝑎(𝑡) − 𝑉𝑏𝑐(𝑡)] =
1
3
𝑉𝑑𝑐(𝑡)[2𝑆𝑐 − 𝑆𝑎 − 𝑆𝑏] 
H-6 
 𝑖𝑑𝑐(𝑡) = [2𝑆𝑎 − 1]𝑖𝑎(𝑡) + [2𝑆𝑏 − 1]𝑖𝑏(𝑡) + [2𝑆𝑐 − 1]𝑖𝑐(𝑡) H-7 
 𝑖𝑑𝑐(𝑡) = −𝐶
𝑑𝑣𝑑𝑐(𝑡)
𝑑𝑡
 
H-8 
 −𝐶
𝑑𝑣𝑑𝑐(𝑡)
𝑑𝑡
= [2𝑆𝑎 − 1]𝑖𝑎(𝑡) + [2𝑆𝑏 − 1]𝑖𝑏(𝑡) + [2𝑆𝑐 − 1]𝑖𝑐(𝑡) 
H-9 
 𝑉𝑎𝑏(𝑡)̅̅ ̅̅ ̅̅ ̅̅ = 𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2] − 𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2] H-10 
 𝑉𝑏𝑐(𝑡)̅̅ ̅̅ ̅̅ ̅̅ = 𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2] − 𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] H-11 
 𝑉𝑐𝑎(𝑡)̅̅ ̅̅ ̅̅ ̅̅ = 𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] − 𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2] H-12 
 
𝑉𝑎𝑛̅̅ ̅̅ (𝑡) =
1
3
[2𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2] − 𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2]
− 𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2]] 
H-13 
 
𝑉𝑏𝑛̅̅ ̅̅̅(𝑡) =
1
3
[2𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2] − 𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2]
− 𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2]] 
H-14 
 
𝑉𝑐𝑛̅̅ ̅̅ (𝑡) =
1
3
[2𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] − 𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2]
− 𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2]] 
H-15 
 𝑉?̅?𝑎(𝑡) = 𝑉𝑎𝑛̅̅ ̅̅ (𝑡) − 𝑉𝑎𝑛(𝑡) H-16 
 
𝑉?̅?𝑎(𝑡) =
1
3
[2𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2] − 𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2]
− 𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] − 𝑉𝑑𝑐(𝑡)[2𝑆𝑎 − 𝑆𝑏 − 𝑆𝑐]] 
H-17 
 𝑉?̅?𝑏(𝑡) = 𝑉𝑏𝑛̅̅ ̅̅̅(𝑡) − 𝑉𝑏𝑛(𝑡) H-18 
 
𝑉?̅?𝑏(𝑡) =
1
3
[2𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2] − 𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2]
− 𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] − 𝑉𝑑𝑐(𝑡)[2𝑆𝑏 − 𝑆𝑎 − 𝑆𝑐]] 
H-19 
 𝑉𝑐̅𝑐(𝑡) = 𝑉𝑐𝑛̅̅ ̅̅ (𝑡) − 𝑉𝑐𝑛(𝑡) H-20 
 
𝑉𝑐̅𝑐(𝑡) =
1
3
[2𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] − 𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2]
− 𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2] − 𝑉𝑑𝑐(𝑡)[2𝑆𝑐 − 𝑆𝑎 − 𝑆𝑏]] 
H-21 
 𝐿
𝑑𝑖𝑎̅̅ ̅̅ (𝑡)
𝑑𝑡
= 𝑉?̅?𝑎(𝑡) − 𝑒𝑎(𝑡) 
H-22 
 
𝐿
𝑑𝑖𝑎̅̅ ̅̅ (𝑡)
𝑑𝑡
=
1
3
[2𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2] − 𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2]
− 𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] − 𝑉𝑑𝑐(𝑡)[2𝑆𝑎 − 𝑆𝑏 − 𝑆𝑐]]
− 𝑒𝑎(𝑡) 
H-23 
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 𝐿
𝑑𝑖𝑏̅̅ ̅̅ (𝑡)
𝑑𝑡
= 𝑉?̅?𝑏(𝑡) − 𝑒𝑏(𝑡) 
H-24 
 
𝐿
𝑑𝑖𝑏̅̅ ̅̅ (𝑡)
𝑑𝑡
=
1
3
[2𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2] − 𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2]
− 𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] − 𝑉𝑑𝑐(𝑡)[2𝑆𝑏 − 𝑆𝑎 − 𝑆𝑐]]
− 𝑒𝑏(𝑡) 
H-25 
 𝐿
𝑑𝑖𝑐̅̅ ̅̅ (𝑡)
𝑑𝑡
= 𝑉𝑐̅𝑐(𝑡) − 𝑒𝑐(𝑡) 
H-26 
 
𝐿
𝑑𝑖𝑐̅̅ ̅̅ (𝑡)
𝑑𝑡
=
1
3
[2𝑉𝑑𝑐𝑐(𝑡)[𝑆𝑐1 − 𝑆𝑐2] − 𝑉𝑑𝑐𝑎(𝑡)[𝑆𝑎1 − 𝑆𝑎2]
− 𝑉𝑑𝑐𝑏(𝑡)[𝑆𝑏1 − 𝑆𝑏2] − 𝑉𝑑𝑐(𝑡)[2𝑆𝑐 − 𝑆𝑎 − 𝑆𝑏]]
− 𝑒𝑐(𝑡) 
H-27 
 𝐼𝑑𝑐𝑎̅̅ ̅̅ ̅(𝑡) = [𝑆𝑎1 − 𝑆𝑎2][𝑖?̅?(𝑡) − 𝑖𝑎(𝑡)] H-28 
 𝐼𝑑𝑐𝑏̅̅ ̅̅ ̅(𝑡) = [𝑆𝑏1 − 𝑆𝑏2][𝑖?̅?(𝑡) − 𝑖𝑏(𝑡)] H-29 
 𝐼𝑑𝑐𝑐̅̅ ̅̅ ̅(𝑡) = [𝑆𝑐1 − 𝑆𝑐2][𝑖?̅?(𝑡) − 𝑖𝑐(𝑡)] H-30 
 𝐼𝑑𝑐𝑎̅̅ ̅̅ ̅(𝑡) = −𝐶𝑎
𝑑𝑣𝑐𝑎(𝑡)
𝑑𝑡
 
H-31 
 −𝐶𝑎
𝑑𝑣𝑐𝑎(𝑡)
𝑑𝑡
= [𝑆𝑎1 − 𝑆𝑎2][𝑖?̅?(𝑡) − 𝑖𝑎(𝑡)] 
H-32 
 𝐼𝑑𝑐𝑏̅̅ ̅̅ ̅(𝑡) = −𝐶𝑏
𝑑𝑣𝑐𝑏(𝑡)
𝑑𝑡
 
H-33 
 −𝐶𝑏
𝑑𝑣𝑐𝑏(𝑡)
𝑑𝑡
= [𝑆𝑏1 − 𝑆𝑏2][𝑖?̅?(𝑡) − 𝑖𝑏(𝑡)] 
H-34 
 𝐼𝑑𝑐𝑐̅̅ ̅̅ ̅(𝑡) = −𝐶𝑐
𝑑𝑣𝑐𝑐(𝑡)
𝑑𝑡
 
H-35 
 −𝐶𝑐
𝑑𝑣𝑐𝑐(𝑡)
𝑑𝑡
= [𝑆𝑐1 − 𝑆𝑐2][𝑖?̅?(𝑡) − 𝑖𝑐(𝑡)] 
H-36 
 ?̇? = 𝐴. 𝑋 + 𝐵.𝑈 H-37 
 𝑋 =
[
 
 
 
 
 
 
𝑖?̅?(𝑡)
𝑖?̅?(𝑡)
𝑖?̅?(𝑡)
𝑉𝑑𝑐𝑎
𝑉𝑑𝑐𝑏
𝑉𝑑𝑐𝑐
𝑉𝑑𝑐 ]
 
 
 
 
 
 
 
H-38 
 𝐵 =
[
 
 
 
 
 
−1
𝐿⁄
0
0
0
0
0
0
−1
𝐿⁄
0
0
0
0
0
0
−1
𝐿⁄
0
0
0 ]
 
 
 
 
 
 
H-39 
 𝑈 = [
𝑒𝑎
𝑒𝑏
𝑒𝑐
] 
H-40 
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𝐴
=
[
 
 
 
 
 
 
 0
0
0
𝑆𝑎2 − 𝑆𝑎1
𝐶𝑎
⁄
0
0
0
0
0
0
𝑆𝑏2 − 𝑆𝑏1
𝐶𝑏
⁄
0
0
0
0
0
0
𝑆𝑐2 − 𝑆𝑐1
𝐶𝑐
⁄
2[𝑆𝑎1 − 𝑆𝑎2]
3𝐿⁄
𝑆𝑎2 − 𝑆𝑎1
3𝐿⁄
𝑆𝑎2 − 𝑆𝑎1
3𝐿⁄
0
0
0
𝑆𝑏2 − 𝑆𝑏1
3𝐿⁄
2[𝑆𝑏1 − 𝑆𝑏2]
3𝐿⁄
𝑆𝑏2 − 𝑆𝑏1
3𝐿⁄
0
0
0
𝑆𝑐2 − 𝑆𝑐1
3𝐿⁄
𝑆𝑐2 − 𝑆𝑐1
3𝐿⁄
2[𝑆𝑐1 − 𝑆𝑐2]
3𝐿⁄
0
0
0
𝑆𝑏 + 𝑆𝑐 − 2𝑆𝑎
3𝐿⁄
𝑆𝑎 + 𝑆𝑐 − 2𝑆𝑏
3𝐿⁄
𝑆𝑎 + 𝑆𝑏 − 2𝑆𝑐
3𝐿⁄
0
0
0 ]
 
 
 
 
 
 
 
 
 
H-41 
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Appendix I  
Apx_Table I-1: Distributed generators operation at unit commitment consideration of isolated mode optimisation including operation and pollutants treatment 
policy 
Unit Hours (1-24) 
FC1 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
FC2 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
FC3 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
MT1 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
MT2 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
MT3 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
MT4 00 00 00 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
UG 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 
DG1 00 00 00 00 00 00 00 00 00 00 00 00 11 00 00 11 11 11 11 11 11 11 00 00 
EV 00 00 00 00 00 00 00 00 00 00 00 11 00 00 00 00 00 00 00 00 00 00 00 00 
PV1 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
PV2 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
PV3 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
PV4 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
PV5 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
 
Apx_Table I-2: Distributed generators operation at unit commitment consideration of connected mode optimisation including operation and pollutants 
treatment policy 
Unit Hours (1-24) 
FC1 11 01 10 11 01 10 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 01 11 
FC2 10 11 01 10 11 01 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 10 
FC3 01 10 11 01 10 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 10 11 
MT1 11 01 10 11 01 10 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
MT2 10 11 01 10 11 01 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
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MT3 01 10 11 01 10 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
MT4 00 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 
UG 11 11 11 11 11 11 B B B B B 00 B B B B 11 11 11 11 11 11 11 11 
DG1 00 00 00 00 00 00 00 01 11 11 11 00 11 11 11 11 00 00 00 00 00 00 00 00 
EV 00 00 00 00 00 00 00 00 00 00 00 11 00 00 00 00 00 00 00 00 00 00 00 00 
PV1 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
PV2 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
PV3 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
PV4 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
PV5 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 
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Apx_Table J-1: Input data of case study 
 EV make 
Energy_B 
(kWh) 
𝑸𝒔𝒄 
(kWh) 
𝑺𝒐𝑪𝒎𝒊𝒏,𝒄𝒉/𝒅𝒊𝒔 𝑺𝒐𝑪𝒎𝒂𝒙 𝑺𝒐𝑪𝒓𝒆𝒒 𝑺𝒐𝑪𝒕 𝒕𝒂 𝒕𝒅 
1.  
Toyota 
Prius 
PHEV 
4.4 0.44 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
2.  
Chevy 
Volt 
PHEV 
16 1.6 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
3.  Mitsubishi 
iMiEV 
16 1.6 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
4.  Smart 
Fortwo ED 
16.5 1.65 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
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100 50 15 19 
100 75 17 21 
100 60 19 24 
5.  Honda Fit 20 2 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
6.  GM Spark 21 2.1 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
100 50 15 19 
100 75 17 21 
100 60 19 24 
7.  BMW i3 22 21 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 45 9 15 
100 50 15 19 
100 75 17 21 
100 60 19 24 
8.  Ford Focus 23 2.3 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
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100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
9.  Fiat 500e 24 2.4 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
10.  Nissan 
Leaf 
25 2.5 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
11.  Mercedes 
B 
28 2.8 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
12.  Nissan 
Leaf 
30 3.0 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
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100 75 17 21 
100 60 19 24 
13.  Tesla S 60 60 6 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
14.  Tesla S70 70 7 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
15.  Tesla S85 
 
90 9 25/70 100 
100 30 1 6 
100 40 7 12 
100 35 8 14 
100 45 9 15 
100 75 11 14 
100 70 12 15 
100 85 13 14 
100 50 15 19 
100 75 17 21 
100 60 19 24 
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Apx_Figure K-1: CompactRIO cRIO-9012 configuration[353] 
 
 
Apx_Figure K-2: CRIO chassis connection to CRIO controller 
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Apx_Figure K-3: NI 9425 model configuration 
 
Apx_Figure K-4: NI 9476 model configuration 
 
Apx_Figure K-5: NI 9474 model configuration 
 
Apx_Figure K-6: NI 9402 model configuration 
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Apx_Figure K-7: NI 9201 model configuration 
 
 
Apx_Figure K-8: Schematic diagram of Modified Cascade Multi-Level Inverter (MCMLI) with gate 
drive [Extended design of [353]] 
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Apx_Figure K-9: Schematic diagram of gate drive circuit [Extended design of [353]] 
 
Apx_Figure K-10: Schematic diagram of Modified Cascade Multi-Level Inverter (MCMLI) 
[Extended design of [353]] 
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Apx_Figure K-11: Schematic diagram of digital optoisolator [Extended design of [353]] 
 
Apx_Figure K-12: Schematic diagram of analogue optoisolator [Extended design of [353]] 
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Apx_Figure K-13: Schematic diagram of voltage measurement interface [Extended design of [353]] 
 
Apx_Figure K-14: Schematic diagram of MCMLI including voltage and current sensing [Extended 
design of [353]]  
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Apx_Figure K-15: Schematic diagram of battery bank and supercapacitor bank [Extended design of 
[353]] 
 
Apx_Figure K-16: Schematic diagram of input LC_filter for induction motor [Extended design of 
[353]] 
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Programing model  
 
A 
 
B 
 
C 
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Apx_Figure L-1: MATLAB print screen programming  
 
 
A 
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K 
 
L 
 
M 
Apx_Figure L-2: Lab VIEW print screen programming [Extended design of [353]] 
